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Abstract 
 
Maximising X-ray flux into a focussed spot during analysis by X-ray photoelectron spectroscopy 
(XPS) is often beneficial. Excitation X-rays for the analysis are usually generated by directing an 
electron beam at a thin aluminium film. The limiting factor for X-ray flux is potential damage to the 
thin film by heat from the electron beam. XPS anodes are therefore water cooled. Some 
commercial instruments also employ a diamond heat spreader beneath the anode film. Diamond 
has the highest thermal conductivity of any known material, and a cost-effective source is 
polycrystalline material grown by chemical vapour deposition (CVD). CVD diamond has been shown 
to have a coefficient of thermal conduction (CTC) that is inhomogeneous and anisotropic. The CTC 
varies with depth beneath the growth face of the diamond and is greater perpendicular to the face 
than parallel to it. The CTC can vary by a factor of 5 or more. This is caused by the microstructure of 
the CVD diamond.  
 
This thesis explores the effect of this CTC variation on the performance of the material as a heat 
spreader in XPS anodes. Detailed finite element analysis of an XPS anode is undertaken, which for 
the first time incorporates diamond CTC that is temperature dependent, inhomogeneous and 
anisotropic, and heat delivery into the aluminium film that is distributed over a realistic depth. CVD 
diamond samples from different suppliers were characterised by white light interferometry (WLI), 
atomic force microscopy (AFM), scanning electron microscopy (SEM), laser scanning confocal 
microscopy (LSCM) and Raman microscopy. A test facility was commissioned to perform destructive 
testing to compare (i) anodes with and without a diamond heat spreader (ii) CVD diamond from 
different manufacturers and (iii) to compare the relative performance of the nucleation and growth 
faces. This testing was not completed. 
 
The nucleation and growth faces were easily distinguishable by WLI. Surface voids were examined 
in detail by SEM and appeared to result from polishing damage, incomplete growth or local 
contamination. LSCM revealed apparent internal voids in some samples. The volume fraction of 
internal voids is small, so heat transport is unlikely to be affected, but they might be an indicator of 
lower quality CVD diamond. The material with the most voids was the material with the most 
non-diamond peaks in the Raman spectrum. Surface voids could cause hot spots if the aluminium 
film does not have good contact with the underlying diamond. LSCM also identified a highly 
reflective distinct layer within some samples that could potentially impede heat transport within 
the diamond. 
 
The FEA results indicate that a CVD diamond heat spreader reduces the aluminium temperature 
from 613 °C to 301 °C with a 20 W load. Having the anode material applied to the nucleation face 
instead of the growth face gave a temperature of 575 °C. Attempts to improve cooling by making 
the anode tip wall thinner, or by having the water directly cool the diamond actually caused a small 
increase in the temperature. The maximum temperature attained is highly sensitive to the 
aluminium film thickness, the aluminium CTC and the diamond CTC. 65% of the heat was removed 
by the cooling water from the walls of the anode rather than the tip, regardless of whether a heat 
spreader is employed.  
 
Physical testing was hampered by repeated equipment failures. The performance of the first 
electron gun suffered due to poor component quality and poor design choices. Even so, an electron 
beam was extracted from the prototype and moderately focussed onto a phosphor screen. It 
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proved impossible to apply more than 7.5 kV to the electron gun without causing a flashover. A 
new electron gun design is under way.  
 
The FEA results have important implications for anode design. A diamond heat spreader is shown 
to be effective, but the choice of diamond face is critical. As most of the cooling occurs at the walls 
of the anode, the return route of the cooling water must fully exploit the area available by passing 
over as much wall area as possible. A narrow conduit for the effluent could miss important cooling 
opportunities. Attempts to bring the cooling fluid closer to the hot spot by thinning the tip impedes 
heat flow to the area where most heat is removed and leads to a temperature increase. 
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1. Introduction 
1.1 X-ray anodes  
Certain analytical techniques utilise radiation from the X-ray region of the electromagnetic spectrum, 
having photon energies higher than that of ultra-violet radiation and lower than that of gamma radiation, 
and in the approximate photon energy range 102 eV to 106 eV. For example, X-ray photoelectron 
spectroscopy (XPS) typically uses the aluminium K1 line (1486 eV) to excite photoelectrons from a sample. 
X-ray imaging and inspection techniques would require photons with much greater penetration through 
matter, so photons with energies greater than 50 keV might be used, such as the tungsten K1 line (59318 
eV). The aluminium and tungsten K1 lines are so-called because they occur as discrete X-ray emission 
peaks when the K-shell electrons of aluminium and tungsten, respectively, are suitably excited. A material 
excited to produce X-rays is known as the target. 
To excite a material to produce X-rays, a beam of high-energy electrons is directed at the material. A 
vacuum is required to prevent scattering of the electron beam by air molecules. A broad, continuous 
energy spectrum of X-ray photons is produced from the energy released by the deceleration within the 
target material of the impinging electrons. This continuous background is known as bremsstrahlung 
radiation (from the German for ‘braking radiation’). The highest energy photons of this spectrum will have 
the same energy as the electrons striking the target. Superimposed on the continuous background may be 
narrow, intense peaks that come from the atoms of the target material itself. When an impinging electron 
removes from an atom a core (non-valence) electron, another electron from a higher energy band can take 
its place, releasing energy as it occupies the lower energy state. The released energy most often takes the 
form of an X-ray photon, and the energy of the photon corresponds to the energy difference between the 
two energy bands in the target atom. The energy levels in the atom are well defined and characteristic of 
the element, and therefore the energy of the emitted photon is also characteristic of the element. If the 
energy of the electrons striking the target is at least that of one or more characteristic peaks for the target 
material, then those peaks will appear on the emitted X-ray spectrum. The energy of the most important 
and intense peak (K1) from aluminium is 1.487 keV; for tungsten, K1 has energy 59.318 keV (Thompson, 
2009). 
It is generally advantageous to maximise the flux of X-ray photons so that the signal-to-noise ratio is 
maximised and analysis time is minimised. For some applications, it is advantageous to have the X-rays 
emanating from a small spot on the anode. For analytical techniques such as XPS, a small spot on the anode 
translates to a small irradiated spot on the sample, and hence a finer spatial resolution for the analysis. For 
X-ray inspection techniques, a small spot provides a brighter X-ray source and better resolution in the 
images. However, the conversion of the energy of the electron beam to X-rays is inefficient, being less than 
1% (Callister, 1994). Over 99% of the energy is converted to heat in the anode material. The combination of 
high X-ray flux from a small spot size necessarily involves a power density, typically 0.2 W per µm of beam 
diameter (Larson, 1997), that is easily capable of damaging the anode. For this reason, the anode assembly 
is usually fluid-cooled, typically by passing water through a cavity in the anode body. For an anode target 
material like aluminium, which has a relatively low melting point of 660.3 °C, the anode usually takes the 
form of a thin film coated onto a copper substrate, a thin film being more easily cooled. Aluminium has a 
coefficient of thermal conduction (CTC) of 237 W m-1 K-1, while copper has CTC of 404 W m-1 K-1. Thin metal 
films often exhibit  CTC that is less than that of the bulk metal (Stops, 1980) so having as thin a film as 
possible of the less thermally conductive material (the aluminium) should facilitate heat transfer to the 
copper and hence to the cooling water. 
The thickness of the aluminium film cannot be arbitrarily thin, however. The beam of electrons will have a 
finite penetration depth, and if this exceeds the thickness of the film then undesired X-rays may be 
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generated from the copper beneath the film. The penetration depth of the beam is dependent on the 
energy of the electrons, and the density and atomic number of the target material. For aluminium, a 10 keV 
beam may penetrate several µm (Flewitt and Wild, 2003). This also has implications for the delivery of heat 
into the material. Inelastic scattering of the electron beam by the atoms of the target material means that 
heat is deposited over a finite volume. Electron scattering and heat delivery may be visualised with Monte 
Carlo simulation software such as Casino V2.42 (Drouin et al., 2007) (Figure 1.1). 
 
 
  
 
Figure 1.1: Monte Carlo simulation of a narrow 10 keV beam of electrons penetrating 100% dense 
aluminium (atomic number 13). On the left, blue tracks show electron paths within the material, and red 
tracks show electron paths that exit the material. On the right is a heat map from the same simulation 
showing how energy is delivered, dark areas having the highest energy per volume. The contour lines mark 
regions outside of which the specified percentage of energy is delivered. 
 
If the energy density within the spot is high enough, and thermal management of the anode tip inadequate, 
damage to the anode film will occur (Figure 1.2). Anode tip damage can involve melting or vaporising the 
target material, potentially exposing the copper beneath. With extreme damage, the copper substrate can 
be breached, allowing cooling water into the vacuum chamber. With thermal management of the anode 
being the limiting factor for maximising power density of the electron beam, any measure which facilitates 
the removal of heat could improve X-ray flux and increase anode life. The deployment of a heat spreader 
component with high thermal conductivity is one such measure. Some commercial XPS systems have an X-
ray anode with a heat spreader made of diamond set into the copper body immediately beneath the 
aluminium film. Type IIa gemstone quality diamond has the highest thermal conductivity of any naturally 
occurring material at around 2000 to 2500 W m-1 K-1 (Wörner et al., 1996) which is approximately five times 
that of copper. However, natural gemstone diamond is prohibitively expensive for most purposes. A more 
affordable alternative is diamond produced by chemical vapour deposition (CVD). The CVD process can 
produce diamond material that is gemstone quality and monocrystalline, but, until recently, this tended to 
make the process slower and more expensive. More often the material is polycrystalline, which can affect 
the thermal conductivity, though this can still be relatively high. 
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Figure 1.2: Damage in an aluminium anode film, captured in greyscale by the microscope of a white light 
interferometer (slightly defocussed to remove interference fringes). 
 
A selection of X-ray anodes for XPS systems is shown in Figure 1.3. The anode body is typically cylindrical, 
with the anode coating at or near the tip. Cooling fluid, usually water, is passed through an internal cavity 
to cool the tip region where the heat is received from the electron beam. If a CVD diamond heat spreader is 
employed, it would typically be inset into a recess in the copper tip, with the anode film coated over the 
top (Figure 1.4). The internal surface of the anode tip may have cooling fins to increase the cooled surface 
area. 
 
EngD programme: MiNMaT 
URN: 6287959 
 
8 
 
Figure 1.3: A selection of anodes for XPS systems, three of which have an aluminium anode film coating. 
The anode on the right has a CVD diamond heat spreader beneath the anode film. 
 
 
 
 
Figure 1.4: (a) a generic XPS X-ray anode tip with aluminium coating and diamond heat spreader; (b) cross-
section view of the anode tip. 
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1.2 Aims of the thesis 
Past experience at Torr Scientific Ltd. has shown that some experimental anode assemblies with CVD 
diamond heat spreaders do not perform any better than standard copper-bodied assemblies. Some simple 
finite element analysis (FEA) work (unpublished) indicated that that a diamond heat spreader could 
increase the acceptable power density at the anode by a factor of around 2, and that the steady state 
temperature of the anode material was highly sensitive to the coefficient of thermal conduction (CTC) of 
the diamond. Suppliers of commercial CVD diamond material for thermal management quote different CTC 
values for their material, with some offering ‘typical’ or ‘up to’ values. For example, Hebei Plasma Diamond 
offer tailored CTC values, “Up to 2000 W/mK, 1000 - 1800 W/mK typical”  (Hebei Plasma Diamond, 2017). It 
is also quite common, as with Hebei, to offer an optical grade of CVD and a thermal grade. The optical 
grade has visibly better clarity for optimum transmission of light, while the thermal grade may be less clear 
and have inclusions. One reason for the difference might be the degree of polycrystallinity, the optical 
grade being closer to the monocrystalline ideal. The effect of microstructure and purity on CTC is discussed 
in Chapter 2, but optically clearer, more pure CVD diamond generally has the higher CTC (Graebner, 1995), 
so thermal grade CVD diamond is sold as such because of its inferior optical quality rather than its superior 
thermal qualities, with optical grade CVD diamond having the higher CTC. 
A more comprehensive finite element analysis has been undertaken to model how variation in the thermal 
properties of the CVD diamond and other components affect the thermal behaviour of a water-cooled 
X-ray anode. The FEA also models the effects of variation in component dimensions. The effect of the 
complex microstructure-related thermal properties of CVD diamond are simulated, namely inhomogeneity 
and anisotropy of the CTC. The CVD process is discussed in more detail in Chapter 2, but the CVD material is 
grown on a substrate, the thickness increasing over time as material is added by chemical reaction to the 
top surface. An inhomogeneous CTC is where the CTC varies throughout the thickness of the diamond. An 
anisotropic CTC is where the CTC varies with direction; in the case of CVD diamond, the CTC can be 
orthotropic, with the CTC being higher parallel to the growth direction than that in the perpendicular 
directions. 
We shall see in Chapter 2 that the CTC of diamond is difficult to measure, and often a single figure does not 
sufficiently describe the CTC (Graebner et al., 1998). Moreover, in a production environment determination 
of CTC on individual diamond components would be costly and time-consuming. Experimental work was 
attempted to see if different grades of CVD diamond from different manufacturers performed differently 
when deployed in an X-ray anode. The anodes were to be tested to destruction under an electron beam, 
and the power density supported prior to destruction is taken as an indicator of thermal performance. An 
anode that can withstand a higher power density will produce a brighter, more compact X-ray spot. A 
comparison was also to be made between applying the anode film to the upper (growth) surface from the 
CVD process and applying the film to the lower (nucleation) surface. The reasons why the growth process 
produces surfaces with different properties are discussed in Chapter 2, but distinguishing the two is a 
relatively rapid and simple process using, for example, a white light interferometer (WLI). 
The CVD diamond samples were examined by a number of techniques to characterise their microstructure. 
These techniques include surface profiling by WLI, and characterisation of microstructure and inclusions by 
laser scanning confocal microscopy (LSCM). 
The combination of the physical characterization and the anode testing to destruction was intended to 
demonstrate whether relatively straightforward and rapid inspection and characterisation is sufficient to 
select the most cost-effective grade of CVD diamond, and to deploy that diamond in the correct orientation 
for optimum thermal performance. 
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1.3 Objectives of the thesis 
In Chapter 2, a review of the literature will provide an understanding of the range of X-ray anode 
configurations and describe the manufacturing process for a diamond-tipped XPS anode. It will outline 
some of the complexities in the thermal properties of CVD diamond and the difficulties in their 
measurement. It is thought that an understanding of the thermal properties might explain some of the 
experimental diamond heat spreader anodes that performed poorly in trials. 
In Chapter 3, a description is made of the methods and techniques for characterization of CVD diamond 
and thermal modelling. 
In Chapter 4, different techniques are used to demonstrate the variation in CVD diamond microstructure, 
both within individual samples and between samples from different suppliers. The techniques include 
white light interferometry (WLI), scanning electron microscopy (SEM) and laser scanning confocal 
microscopy (LSCM). 
In Chapter 5, finite element analysis (FEA) of a water-cooled anode is described. Thermal characteristics 
and physical dimensions are systematically varied to identify those parameters with the greatest effect on 
thermal performance. Heat flux is analysed to gain insights into design performance. 
In Chapter 6, progress is described towards testing of anodes to destruction to assess the effect that 
different CVD diamond microstructures have on the thermal performance of the anode. 
Chapter 7 provides summary conclusions and suggests further work. 
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2. Literature review 
2.1 Introduction 
In this chapter, a basic account will be given of X-ray generation by electron beam, introducing some of the 
terminology that is used to characterise an X-ray source. The role of the X-ray anode in X-ray production 
will be reviewed. Approaches to X-ray anode design will be considered for various applications including 
imaging and inspection, therapeutics, XRD (X-ray diffraction), XRF (X-ray fluorescence) and XPS (X-ray 
photoelectron spectroscopy). The importance of thermal management of an X-ray anode will be examined, 
and approaches to doing so will be reviewed, with particular attention to the use of water cooling and 
diamond heat spreaders in anodes for XPS. A brief account of the manufacturing process for a 
diamond-tipped anode is provided, and the relative cost of the diamond component is indicated. 
The properties of natural diamond will be reviewed. The hardness and the thermal conductivity of diamond 
are the highest of any known material. An account will be given of the HPHT (high pressure high 
temperature) techniques that have been used to convert graphite to synthetic diamond. An account will 
also be given of the CVD (chemical vapour deposition) process that is used to manufacture synthetic 
diamond from a carbon-containing feed gas, such as methane. 
The role that the crystal structure of diamond plays in its very high thermal conductivity will be outlined. 
The mechanisms of heat transfer in diamond will be explored, followed by an examination of the ways in 
which the microstructure of the material and associated defects can disrupt heat transfer, affecting the 
thermal conductivity. Differences in the thermal properties between single crystal gemstones and 
polycrystalline CVD diamond will also be explained with reference to the microstructural features. 
Some previous studies of the composition and microstructure of diamond will be reviewed. Examples of 
how the microstructure affects the physical properties will be given, with an emphasis on thermal 
properties.  
 
2.2 X-ray anodes: design and operation 
2.2.1 X-ray production by electron beam deceleration 
As outlined in the previous chapter, the X-ray source for scientific analyses and for imaging is very often an 
electron beam in a vacuum striking a metallic anode. Vacuum is required as otherwise the electron beam 
would be impeded and scattered by collisions with air molecules. Kinetic energy imparted to the electrons 
by an accelerating voltage, often many tens of kV, is converted to heat and X-ray photons when the beam 
strikes and penetrates the metallic anode. X-ray photons are generally described in terms of their energy, 
which can range from several hundred eV to around 1000 keV. X-rays for XPS and XRD usually have photon 
energies well below 10 keV, XRF might use several tens of keV and imaging and inspection up to 150 keV 
(Marguí, 2013). 
Charged particles give off radiation when they are decelerated. Most electrons will interact inelastically 
with the anode material, transferring energy over the course of many changes of direction caused by 
interactions with the nuclei and electron clouds of the anode material. The deceleration of electrons from 
these interactions with the charges in the atoms of the anode produces a broad continuum of radiation, 
known as bremsstrahlung (from the German for ‘braking radiation’), with photon energies up to a 
maximum that is equivalent in magnitude (in eV) to the accelerating voltage. A small fraction of the 
electrons will radiate all their energy in one single head-on collision with a nucleus; these collisions provide 
the photons at the maximum of the energy range.  Where an electron striking the anode ejects a core 
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electron from the anode material, the subsequent repopulating of the core shell can emit an X-ray photon 
having energy that is characteristic of the anode material. On a plot of intensity as a function of photon 
energy, these characteristic emissions appear as narrow peaks superimposed on the bremsstrahlung 
continuum. The most intense of these (in terms of photon numbers) is usually from the transition of an 
electron from shells with principal quantum number 2 to shells with principal quantum number 1. These 
are often known as the ‘L’ and ‘K’ shells respectively, and the emission is known as Kα. For an aluminium 
anode, there are two Kα peaks very close together at 1486.70 eV and 1486.27 eV, with a lesser peak at 
1557.45 eV (Thompson, 2009). Some of the analytical techniques (XRD, XRF, XPS) employ the characteristic 
peaks as their excitation source. The full-width half-maximum (FWHM) value of a characteristic peak is 
known as the line width. A narrow line width is usually beneficial for spectroscopy as it improves the 
spectral resolution of the analysis – that is, there is better peak separation in the spectra allowing better 
discrimination between overlapping peaks. 
Only a small fraction of the kinetic energy of the electron beam is converted to X-ray photons. The majority 
(more than 99%) is converted to heat. The product of the beam current and the accelerating voltage 
indicates the heat load (measured in W) on the anode (including the small fraction that is converted to 
photons) and is known as the anode power. This waste heat must invariably be managed to prevent 
damage to the anode. It is sometimes beneficial to focus the electron beam on the anode to a small spot, 
as better resolution is achievable in both images and spatial analyses. In general, with other things being 
equal, more anode power means more photons, which can provide better signal-to-noise ratios in analysis, 
or improved imaging. The power and the beam spot size dictate the power density (W m-2) of the beam at 
the anode. A smaller beam spot on the anode with the same power will mean a higher power density. 
 
2.2.2 X-ray tubes 
XRD, XRF and imaging and inspection techniques all have both an excitation source and a signal that are 
comprised of X-ray photons. As X-ray photons can propagate in air with negligible attenuation, these 
techniques are most often undertaken with the sample in atmosphere. As a vacuum is required for the 
electron beam of the X-ray source, the source for these techniques will very often take the form of an 
evacuated X-ray tube, which is an encapsulated assembly containing an electron emitter (cathode), an 
anode and a thin window to allow generated X-rays to pass to the outside of the tube. Two possible 
configurations of X-ray tube are shown in Figure 2.1. In Figure 2.1 (a) the anode is connected to ground and 
the filament is at high positive potential, perhaps tens of kV. In Figure 2.1(b) the anode is not grounded but 
is at a negative potential –relative to ground– of the same magnitude as the positive filament potential. In 
this way, the accelerating voltage is doubled with one additional connector with a voltage rating that is no 
higher that of the filament connector (Hartl, Peter and Reiber, 1983). In both tubes, the thin X-ray window 
is to the right of the anode. The flat face of the anode onto which the beam is focussed is at a shallow angle 
relative to the axis of the line of sight to this window. This has the effect of geometrically compressing the 
beam spot when viewed from the sample (Klockenkämper, 2015). The result is an X-ray source (the beam 
spot) that appears more compact and brighter (more photons per solid angle) than would the actual 
focussed spot if viewed at normal incidence. In this way, the apparent improved brightness and 
compactness of the source does not come at the expense of a more onerous power density, as would be 
the case if this were achieved by tighter focussing of the spot. A consequence of utilizing X-ray photons 
with a shallow take-off angle is that the photon flux is somewhat decreased, an effect that is more 
pronounced as the take-off angle is reduced. This is the result of the attenuation within the anode material, 
as the shallow angle means a longer transit path within the material before the photons reach the surface. 
This is the Heel effect, and is a consideration in anode design and use, especially for imaging (Zink, 1997). 
The anode may have a shape that is designed to trap scattered electrons, preventing them from causing a 
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charge build-up on the walls of the tube. While a small spot gives advantages in brightness and resolution, 
there is a trade-off with the size of the X-ray field that leaves the window, resulting both from the interplay 
of spot and window geometries, but also from the Heel effect (described above). In general, a larger beam 
spot will result in a larger X-ray field. 
 
 
Figure 2.1: Schematic representation of two X-ray tube configurations. The electron-emitting filament is 
marked F, the anode is marked A. (Hartl, Peter and Reiber, 1983) 
 
The anode material for analytical techniques like XRD and XRF might be W, Ag, Mo, Cu, Co, Fe, Rh or Cr 
(Potts and West, 2008; Klockenkämper, 2015). In XRF the material choice is influenced by the elements to 
be detected – the excitation lines must be of sufficient energy to excite fluorescence in the elements, but 
not of such high energy that the sample is transparent to them (Cuevas et al., 2015). The latter point is 
particularly relevant when analysing, for example, art or heritage samples where the material of interest 
might be a thin layer of pigment. For imaging, inspection and therapy applications the anode material is 
usually one of the more refractory metals because of their relatively high melting points. An anode of W 
has the additional advantage of having a relatively high atomic number (z). This maximises bremsstrahlung 
by not allowing electrons to penetrate too deep, so that generated photons pass through a minimum of 
material on the way out of the anode (Zink, 1997). 
 
2.2.3 Anode thermal management in X-ray tubes 
The anode may be a solid component, or it might take the form of a thin film coated onto another 
component with better thermal conductivity to assist in dispersal of heat. In either case, there is a danger 
that localised heating from the beam could melt or evaporate the anode material.   
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The tubes of Figure 2.1 rely on air cooling at the outer surface of the tube. Air cooled tubes are suitable for 
portable-XRF (PXRF) instruments as they are light and may be used where there is no water supply (Potts 
and West, 2008) but have restricted power, typically up to 50 W (Marguí, 2013).  
Some anodes are designed to be water cooled, typically having a hollow cavity around which cooling water 
is pumped. Water cooled anodes are capable of dissipating much more heat than air cooled tubes, and can 
have power ratings typically from 1 kW to 4 kW, though some newer tubes are rated up to 30 kW (Marguí, 
2013). 
Another approach to anode cooling is to have the anode rotating at high speed so that no one anode region 
is constantly receiving the beam. Such an anode would typically be mushroom shaped with the beam 
impinging on the fast-moving outer region of the disc. Rotating anodes are usually hollow for water cooling 
(Klockenkämper, 2015). The rotation speeds are sometimes as high as 10000 rpm (Zink, 1997). An anode 
that is both water cooled and rotating at speed presents design and operation challenges, including 
preventing water leakage and maintaining vacuum with moving parts, and protecting the bearings from the 
heat of the anode (Zink, 1997). However, rotating the anode can allow power dissipation that is fifteen 
times higher than for a fixed anode (Klockenkämper, 2015). 
A rotating anode is particularly suited to applications that require an intense X-ray emission. For imaging, 
the source should be small-spot and of short duration to capture a static, well resolved image. The short 
duration requires a bright source so that enough radiation is supplied to form the image, so a rotating 
anode is typically used. Therapeutic X-ray sources, such as those used to kill malignant tissue, require 
photons to be of high enough energy to be lethal, but the X-ray source spot need not be as compact and 
intense, and the duration can be longer, so that a static anode might be appropriate (Hartl, Peter and 
Reiber, 1983). 
One manufacturer has a stream of molten gallium or indium as the X-ray anode in an X-ray tube (MetalJet 
Sources - Excilllum, 2018). Ga has Kα close to that of copper, In has Kα close to that of silver. The liquid 
anode replenishes material at nearly 100 m s-1 and is said to be immune to damage from the electron 
beam. Power density of over 2500 kW mm-2 is said to be achievable with a spot diameter of around 5 µm 
(Figure 2.2). 
 
 
              
Figure 2.2: Claimed power density (left) and power (right) for the liquid metal anode, with comparisons to 
other anode types (MetalJet Sources - Excilllum, 2018) 
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2.2.4 X-ray anodes for XPS 
The excitation source in XPS is X-ray photons, and the analytical signal is photoelectrons from the sample. 
The electron beam for the production of X-rays and signal photoelectrons would both be prone to 
scattering by air molecules at atmospheric pressure. With the exception of some specialist systems that are 
designed to allow a higher pressure at the sample (known as environmental XPS), XPS systems generally 
have the X-ray source, the sample chamber and the electron spectrometer all held at ultra-high vacuum, 
typically 10-8 to 10-10 mbar (Watts and Wolstenholme, 2003). For this reason, an encapsulated X-ray tube is 
not required and the X-ray source is integrated into the vacuum system. 
The anode material is chosen so that the characteristic X-ray emission has sufficient energy to excite 
photoelectrons from the elements of interest so that the XPS peaks may be identified and analysed. The 
line width of the characteristic X-rays should be naturally small, so that peaks in the XPS spectrum are 
sufficiently resolved. Aluminium is a common choice. It has characteristic Kα with energy 1486.6 eV and 
natural line width 0.9 eV (Watts and Wolstenholme, 2003). Other materials that have been used include  Y, 
Zr, Mg, Al, Si, Ag, Ti and Cr (Watts and Wolstenholme, 2003). 
A basic type of X-ray source commonly found in XPS is the twin anode. In a typical configuration this would 
take the form of a hollow cylindrical copper rod with a pair of bevelled faces on opposite sides of the tip. In 
the vicinity of each face would be a hot filament cathode (Figure 2.3). Passing a current through a filament 
heats it to enhance electron emission, and an applied potential extracts and accelerates the electrons from 
the cathode towards the anode.  Each face of the anode is coated with a different material, commonly Al 
and Mg. The anode is at high positive potential relative to the emitting cathode, so that the electron beam 
from the cathode would be directed at one or the other of the anode faces depending on which of the 
filaments was powered on. The choice of two anode materials gives the spectroscopist a degree of analysis 
depth control and allows identification of Auger peaks in the spectrum (Watts and Wolstenholme, 2003). 
 
 
Figure 2.3: A schematic of a twin anode for XPS (XR3: Twin Anode X-ray Source (Thermo Scientific 
Application Note 31057), 2019). The illustration oversimplifies, in that the cathodes are normally positioned 
lower than the tip such that there is no line of sight to the anode faces, and the electrons follow a curved 
path to reach them. This prevents contamination of the anode material by the cathode. 
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Having the anode at high positive potential with the cathodes at ground potential, rather than the cathodes 
at high negative potential with the anode at ground, allows the switching of the filament circuits to take 
place at low potential, avoiding the need for external high voltage switchgear and cabling. However, it does 
mean that the anode must be electrically isolated from the metal body of the instrument. Even with the 
anode body isolated, the cooling water for the anode is in direct contact with the anode high voltage and 
precautions must be taken to sufficiently isolate the cooling lines and pumps from the high potential. One 
approach is to ensure the cooling water is pure enough so that its resistivity remains higher than, for 
example, 0.5 MΩ cm (Varian OEG-76H Industrial X-Ray Tube User Manual, 2019), while another is to 
monitor the leakage current so that it does not exceed, for example, 10 mA (XR3: Twin Anode X-ray Source 
(Thermo Scientific Application Note 31057), 2019). A twin anode in use is positioned near the sample, 
which is irradiated directly via a thin foil window that allows sufficient radiation through but stops stray 
electrons from the beam reaching the detector. Sample damage by heat from the anode tip is a potential 
problem. 
A second approach to X-ray generation is to monochromate the photons to remove, as far as possible, 
bremsstrahlung background and characteristic peaks other than the one of choice for the analysis, which is 
often Al Kα. Monochromation can also reduce the line width of the characteristic peak. For example the 
line width of Al Kα can be reduced from 0.9 eV to around 0.25 eV (Watts and Wolstenholme, 2003). The 
anode for such a source is often not dissimilar to the anode for the twin, being a water-cooled copper body 
with a thin anode coating. Unlike a twin anode, this type of anode is somewhat remote from the sample, 
often in an annex to the main chamber, and without line of sight to the sample. X-rays reach the sample via 
a monochromating crystal or crystals, also mounted outside the main chamber. In addition to 
monochromation, the crystal(s) focus the photons to a small spot on the sample, whose minimum size is 
largely dictated by the size of the focussed electron beam on the anode. It follows that if a small irradiated 
spot on the sample is required, a small focus on the anode is a prerequisite with the associated potential 
consequence of increasing the power density on the anode. Some systems have apertures that can reduce 
the size of the X-ray spot on the sample by throttling the beam, but this comes with a sacrifice of photon 
flux and a potential increase in analysis time. 
Rotating anodes are not unknown in XPS. Scienta have produced systems with a rotating anode (Gelius et 
al., 1984). One of these has a 300 mm aluminium alloy disc rotating in normal use at up to 4500 rpm 
(though higher rotation speeds should be possible). The electron beam with a 2mm spot is focussed on the 
outer rim of the anode. The rotation of the anode is harnessed to enhance both flow and retention of 
cooling water and to pump out the X-ray chamber. The anode drive shaft is designed to pump gas 
molecules in a similar way to a turbomeolecular pump. The anode can run at 8 kW. The power density on 
the rotating anode is said to be 100 times greater than that of a static anode, which can tolerate less than 
30 W mm-2  (Gelius et al., 1984). 
 
2.2.5 Diamond heat spreaders in X-ray anodes 
A heat spreader is a component with high thermal conductivity that enhances dispersion of heat from 
localised heating. Diamond has particularly high thermal conductivity - the thermal properties will be 
considered in detail later in the chapter. A 1997 patent describes X-ray anodes for XPS that feature 
diamond as a heat spreader (Larson, 1997). Several embodiments are described (Figure 2.4). One 
embodiment resembles a traditional XPS anode as described above, but with a thin piece of diamond 
sealed into a through-hole in the tip. The anode material is a thin film on the diamond, and the rear of the 
diamond is in direct contact with the cooling water. It seems intuitive that direct cooling of the diamond 
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would provide the best cooling performance. This idea is tested theoretically in Chapter 5. Another 
embodiment has the diamond recessed into the metal body, with the cooling water cooling the metal body. 
 
          
Figure 2.4: Two embodiments of diamond heat spreader in XPS anodes from a 1997 patent (Larson, 1997). 
The diamond heat spreader 134 is directly cooled by cooling water, whereas the diamond heat spreader 
148 is indirectly cooled. 
 
Some commercial XPS systems have a synthetic diamond component in the tip of the anode. The diamond 
is brazed in flush with the copper body of the anode, and the aluminium anode film is coated over the top. 
The anode body is cooled by water flowing internally. 
A manufacturer of X-ray inspection tubes employs a synthetic diamond that acts as both a heat spreader 
and the window that maintains vacuum and transmits X-ray photons to the outside of the tube. The 
tungsten target material is coated on the inside of the diamond, which is brazed at its edges to a copper 
component that is part of the X-ray tube body. The anode here relies on air cooling. 
Torr Scientific is involved in the manufacture of both of these assemblies. In the case of the latter, Torr 
Scientific source and fit the CVD diamond, and apply the anode coating before brazing the diamond into its 
housing and leak checking. TSL has also supplied a number of experimental anode assemblies featuring 
diamond heat spreaders. On some occasions, the expected performance increase of a diamond heat 
spreader was not delivered, and it was suspected that there might be inconsistency in the thermal 
properties of the diamonds. In the next section, the properties of diamond will be explored. In particular, 
sources of variation of CVD diamond properties will be considered. 
 
2.2.6 Manufacture of diamond-tipped anodes for XPS 
Torr Scientific Ltd. manufacture and refurbish diamond-tipped anodes for existing XPS instruments and for 
XPS instrument manufacturers. The manufacturing process for a diamond-tipped anode varies depending 
on the needs of the customer and the materials involved. Typically, there will be a number of machining 
operations on stainless steel and copper components that make up the anode body and tip, cutting the 
components to size and introducing steps and counterbores as required to allow the components to fit 
together. Other materials are sometimes used, as required by the customer. A recess is usually milled into 
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the anode tip for the diamond heat spreader to fit into. Any other operations, such as polishing, that are 
required by the customer, will be performed. 
All metal components will be cleaned to UHV standard by a series of ultrasound baths and rinses, followed 
by thorough drying. After assembly in clean-room conditions, a series of vacuum braze operations are 
performed to join the body, tip and end cap as required. A helium leak check is performed after each. A 
flange component, if needed, will be machined on a lathe or mill as required.  
A series of welding operations are performed to attach the flange to the body, and water cooling tubes to 
the flange, if needed. The assembly is again helium leak checked. The internal joins of the assembly are 
inspected with a fibre-optic borescope, and surplus material is chemically removed as appropriate, 
followed by another helium leak check. The flow of water through the assembly is checked at this stage. 
The assembly is cleaned to UHV standard and thoroughly dried. 
The assembly is transferred to a vacuum chamber where a plasma glow discharge is used to clean and 
activate the surfaces in preparation for coating. Anode coatings are applied to the assembly by a sequence 
of sputter coating operations, including any adhesion or barrier layers needed. Cooling or heating measures 
are employed as needed during coating to improve the microstructure and adhesion of the sputtered films.  
After coating, any adhesion tests required by the customer take place along with visual inspection of the 
assembly and coatings. The assembly is assembled into a sealed tube, which is pumped down to vacuum 
for shipping. 
Depending on the particular anode and batch size, each individual anode requires around 12 hours of 
labour and equipment time, 50% of which might be accounted for by the sputter coating runs. A further 
25% is spent on the vacuum braze processes, with the remaining 25% divided among the various 
machining, cleaning, inspection and packing tasks. 
The total cost of this procedure per anode, including labour, machine time and materials is around £1100, 
of which around 40% is materials costs. The diamond would be the most expensive component, typically 
accounting for 33% of materials costs. The material for the flange is the largest non-diamond cost at 17% of 
materials costs. 
Currently, Torr Scientific supplies around 20 diamond-tipped anode assemblies per year to XPS instrument 
manufacturers. Some of these are supplied uncoated and ready for attachment of a diamond heat spreader 
by the customer. XPS anodes without diamond currently number around 60 per year. Anode 
refurbishments and recoats average around 15 per year. A complete diamond-tipped anode assembly as 
described above might be charged to the customer at around £2000, while a basic recoat will be cost 
around £550 (prices will vary depending on the particulars of the job). 
 
2.3 Properties of diamond 
2.3.1 Properties of natural gemstone diamond 
Diamond is an allotrope of carbon, an element in group IVA of the periodic table with atomic number 6 and 
relative atomic mass 12.0107. There are two main stable isotopes of carbon, the most common being 12C. 
The other, 13C, making up 1.11% of naturally occurring carbon (Fluck and Heumann, 1999). 
Natural gemstone diamond has some unparallelled properties that are well known and documented (Spear 
and Dismukes, 1994; Balmer et al., 2009). It is considered the hardest known material, and is usually 
credited with having the highest stiffness of any known material, though a material with a higher apparent 
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Young’s modulus under certain conditions (a barium titanate and tin composite) has been reported 
(Jaglinski et al., 2007). The melting point of diamond, being greater than 3550°C, is higher than that of 
tungsten (3442°C) (Fluck and Heumann, 1999), and is attributable largely to its high bond energy (Balmer et 
al., 2009). Melting of diamond in normal atmosphere would be difficult to achieve as diamond would 
oxidise or convert to graphite before the melting temperature was reached. Although diamond is stable 
and inert in normal conditions, it is not the most thermodynamically stable form of carbon at standard 
temperature and pressure. Graphite is the more stable allotrope, having a standard enthalpy that is just 2.9 
kJ mol-1 lower than that of diamond (May, 2010). Despite this being lower than the enthalpy of melting ice 
(around 6 kJ mol-1), there is an activation energy barrier that inhibits spontaneous graphitisation of 
diamond under normal conditions. Graphitisation of natural diamond can be initiated at temperatures 
greater than around 1500°C in air (Seal, 1960) and around 1700°C in vacuum (Howes, 1962).  
Diamond is a dielectric material with an indirect bandgap of 5.5 eV (Spear and Dismukes, 1994; Yin et al., 
1997) . Optical transparency is high over a broad range for visible to infra-red. IR-transparent materials 
typically have large atomic mass and weak bonds, but diamond is an exception. There is a single-phonon 
absorption mode at 7.5 µm, but this is forbidden by the symmetry of the cubic crystal structure of the 
diamond and so is absent unless defects are present. There are some weak multi-phonon absorption bands 
between 2.5 µm and 6 µm (Spear and Dismukes, 1994; Balmer et al., 2009). 
 
2.3.2 Synthetic diamond: HPHT and CVD 
Diamond will convert to graphite at elevated temperatures, because graphite is the more 
thermodynamically stable allotrope in normal conditions, as explained in the previous section. To achieve 
the reverse of this, conversion of graphite to diamond, conditions must be imposed that make diamond the 
thermodynamically favoured allotrope and provide sufficient energy to overcome the activation energy 
barrier. This has been achieved using HPHT (high pressure high temperature) methods, where graphite, 
together with a catalyst, is compressed using a hydraulic press to a pressure of several thousand bar at over 
2000 K (May, 2010; Balmer et al., 2009). The hexagonal crystal structure of graphite is converted to the 
more efficiently packed cubic system of diamond.  
More recently, synthetic diamonds have been produced by CVD (chemical vapour deposition) techniques. 
CVD growth of diamond is driven kinetically  rather than thermodynamically (Balmer et al., 2009). A review 
of this technique by May (2010) provides much of the basis of the description that follows. 
The carbon required to grow diamond by CVD comes from a feed gas, typically a hydrocarbon such as 
methane. The feed gas is introduced into a chamber where energy to break the chemical bonds is supplied 
by a hot filament, a plasma discharge or a flame. The feed gas is usually in an excess of hydrogen gas, with 
the feed gas constituting just a few percent of the mixture. Silicon or pre-existing diamond are often used 
as the substrate onto which the CVD diamond is deposited and is held at a temperature of 700°C or higher. 
The breaking of the bonds of the feed gas and hydrogen results in radical species such as ∙CH3 and ∙H that 
undergo a complex series of reactions that result in growth of the sp3 diamond crystal on the substrate. The 
∙H radicals are important for growth of sp3 material as opposed to sp2 material such graphite. ∙H radicals 
occupy unused C- bonds temporarily, preventing attached carbon atoms from forming undesirable bridging 
bonds with adjacent carbon atoms, which could otherwise halt the sp3 growth. ∙H radicals also attack and 
etch sp2 graphitic material preferentially over sp3 diamond material, preventing smothering of diamond 
growth by graphitic material (May, 2010). 
Diamond grown by CVD will typically be polycrystalline. Growth is initiated by nucleation at multiple sites 
on the substrate. Where each growing crystal site meets a neighbour a grain boundary will be formed if the 
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crystal lattices are not perfectly aligned. The crystal growth is competitive, and growth of large grains may 
be favoured over that of smaller grains, so that the columnar grain structure is finer at the substrate face of 
the CVD diamond than it is at the more recently formed growth surface (Graebner et al., 1992a; Balmer 
et al., 2009; Anaya et al., 2017) . This is illustrated in Figure 2.5. This has implications for the thermal 
properties of CVD diamond, which will be discussed in more detail in section 2.3.5. 
 
 
Figure 2.5: Competitive grain growth in the CVD process leads to larger grain size at the growth face than at 
the nucleation face of CVD diamond. 
 
Single crystal CVD diamond may be obtained by controlling of the CVD conditions. Reducing the 
concentration of methane to below 1% has produced single crystals, but growth rates can be excessively 
slow (May, 2010). More recently, single crystal diamonds are routinely produced commercially by 
homoepitaxial growth on a pre-existing single-crystal diamond substrate, with high gas temperatures 
(greater than 1725 °C) achieved by microwave plasma (Balmer et al., 2009).  
 
2.3.3 Crystal structure of diamond 
The room temperature thermal conductivity of gemstone diamond is generally recognised as being the 
highest of any known natural material, with high quality natural samples having coefficients as high as 
2500 W m-1 K-1 (Graebner et al., 1994; Balmer et al., 2009). This is over five times that of copper, at 
404 W m-1 K-1. This, along with other outstanding qualities of diamond such as hardness and elastic 
modulus, is attributable to the rigidity of its crystal structure. The single 2s orbital and three 2p orbitals in 
each atom rearrange into a lower energy configuration, becoming four identical hybrid orbitals known as 
sp3 orbitals. These sp3 orbitals distribute themselves to achieve the lowest possible repulsion from each 
other, which is achieved by a tetrahedral arrangement. In the diamond crystal lattice, each carbon atom is 
connected to its four nearest neighbours by four covalent bonds in a tetrahedral pattern. Each bond is 
identical to all other bonds, having length 15.44 nm and a 109.5°angle between bonds. This arrangement is 
referred to as the diamond cubic crystal structure and belongs to the face-centred cubic system (Figure 2.6) 
and is also seen in other elements of Group IVA, such as silicon and germanium. 
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Figure 2.6: a unit cell for a diamond cubic crystal structure. All atoms are crystallographically identical; 
atoms highlighted in red have their four nearest neighbours shown in the unit cell (Uddin, 2004) 
 
From this arrangement of atoms, there are a selection of lattice planes that represent facet surfaces that 
may be commonly found in natural gemstone diamonds. Of these planes, the most important are the {111}, 
the {100} and the {110} families of planes (Figure 2.7). The cubic symmetry of the diamond crystal lattice 
means that there are a number of different orientations for the faces within each family, and each is 
crystallographically identical to each of the others. The [111] face shaded in Figure 2.7 (a) could be equally 
well represented by any of the other faces of the octahedron, as each is chemically, physically and 
geometrically indistinguishable from the others. 
 
 
(a) {111}        (b) {100}   (c) {110} 
Figure 2.7: An example of each of the (a) {111}, (b) {100} and (c) {110} families of crystal planes (after Uddin 
(2004), originally in Wilks and Wilks, (1994)).  
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2.3.4 Transport of heat in diamond 
The high thermal conductivity of many metals is partly due to freely moving conduction electrons that are 
able to transport energy around the material. Diamond does not have free electrons, and thermal 
conduction is achieved solely by propagation of vibrations through the crystal lattice. The rigid crystal 
lattice favours efficient propagation of these vibrations, which is why diamond has such high thermal 
conductivity. The amount of vibrational energy within a material cannot vary arbitrarily. The energy is 
quantised, and the quantum of vibrational energy is known as a phonon. Phonons propagate at the speed 
of sound within the material, with higher temperatures eliciting higher frequency vibrations.  
Phonons may be scattered by defects in the crystal lattice, resulting in less efficient propagation and 
therefore lower thermal conductivity. Defects such as substitutions and vacancies are point defects. 
Interstitial point defects are relatively rare in diamond because of the high atomic density and the 
inflexibility of the lattice, but substitutional defects such as nitrogen are more common 
(Balmer et al., 2009). Dislocations, twins, grain boundaries and microcracks are extended defects. Grain 
boundaries often contain regions of sp2 bonding and other defects that tend to be associated with the sp2 
material. Grain boundaries are more numerous near the nucleation surface of polycrystalline diamond and 
are more likely to be oriented in a through-plane direction than in-plane (Section 2.3.2).  Interaction with 
surfaces, interfaces and other phonons may also contribute to phonon scattering. The significance of 
scattering by defects and phonon-phonon interactions are explored further in the next section. 
 
2.3.5 The effects of microstructure on diamond thermal conductivity 
Natural single-crystal gemstone diamonds can have thermal conductivity up to around 2500 W m-1 K-1, 
which would generally exceed that seen in polycrystalline diamond material, although the thermal 
conductivity of some polycrystalline CVD diamond material approaches this (Graebner et al., 1992b; 
Balmer et al., 2009). The thermal conductivity of polycrystalline CVD diamond has been shown to be 
anisotropic, being higher through the plane (perpendicular to the growth surface) of the grown material 
than it is in the plane of the material (parallel to the growth surface) (Graebner et al., 1992a). 
Through-plane conductivity has been measured that is 10-15% higher than in-plane 
(Sukhadolau et al., 2005). This is explained by the columnar grain structure in which the long axes of the 
grains are aligned perpendicular to the growth plane. Grain boundaries are more likely to be encountered 
by phonon vibrations propagating through the plane of the material than across the plane, the latter being 
parallel to the long axes of the grains. Analysis of how thermal conductivity is changed by temperature then 
fitting this to phonon transport models has revealed that most of the scattering of the phonons is by other 
defects rather than grain boundaries. It is the accumulation of defects at grain boundaries that enhances 
phonon scattering at the boundaries, so reducing the thermal conductivity (Graebner et al., 1994). Thermal 
conductivity correlates with absorption due to -CH stretch modes (Twitchen et al., 2001), which are thought 
to result from hydrogen trapped at defects (Mollart et al., 2003). 
By growing multiple samples of CVD diamond under identical conditions, but stopping the growth at 
different thicknesses, the marginal change in overall thermal conductivity with thickness allows deduction 
of the thermal conductivity of material produced at different depths within the material. Thermal 
conductivity was shown to vary with depth, being lower at the nucleation face than at the growth face by a 
factor of up to 5 (Graebner et al., 1992a). The in-plane thermal conductivity varied less linearly than the 
through-plane conductivity (Figure 2.8). Modelling of phonon scattering in diamond suggests that the first 
50 µm thickness grown has thermal conductivity just of 60% that of single crystal material 
(Simon et al., 2016). Thermal conductivity can be two orders of magnitude lower in the first 1 µm of the 
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nucleation face, significantly affecting heat spreading performance if the heat source is near this face 
(Anaya et al., 2016b). To reduce anisotropy and produce thermal conductivity similar to single crystal 
diamond, the grown diamond should be thicker than 500 µm to produce large grains of at least 20 µm, and 
200 µm of poorly conducting material should be removed from the nucleation side (Balmer et al., 2009; 
Simon et al., 2016). 
 
 
 
Figure 2.8: The variation of thermal conductivity (top), through-plane (top curve) and in-plane (lower 
curve). The diagram (bottom) shows the grain size variation through the depth from nucleation face (left) 
to growth face (right), with the length of the overlaid bars representing thermal conductivity in the 
direction of the bar (Graebner et al., 1992a). 
 
In addition to defects and grain boundaries, increased void density has been observed near the growth 
face, reducing the density of the material locally (Graebner, Mucha and Baiocchi, 1996). As will be 
demonstrated in Chapter 5, the difference in thermal conductivity between nucleation and growth faces 
could have important implications for deployment of CVD diamond as a heat spreader in X-ray anodes and 
other devices. If the nucleation face with poorer CTC were the face that the anode materials was coated 
onto, the dispersing of heat might be less efficient than if the growth face were used. This could explain the 
unexpectedly poor performance of some experimental X-ray anodes. 
Thermal conductivity has been shown to be up to 35% lower near defects (Verhoeven et al., 1996). The 
visible defects were identified by light microscopy as likely to be grain boundaries or microcracks, with an 
accumulation of other defects in either case. Thermal conductivity measurements were made with 
micrometre scale resolution, and phonon scattering was identified as the cause of the reduced conductivity 
near the visible defects. Within the interior of the grains, where there are fewer defects, thermal 
conductivity remained high at 1500 W m-1 K-1 to 1700 W m-1 K-1 (at room temperature). It is intuitive that a 
physical void would reduce thermal conductivity, as vibrations cannot traverse a void, but the extent to 
which voids affect the thermal conductivity of the sample as a whole is not so clear. Scattering by 
EngD programme: MiNMaT 
URN: 6287959 
 
24 
microcracks was systematically excluded from models of phonon scattering to calculate the overall effect 
on the bulk material. Microcracks were estimated to contribute 5% of the total thermal resistance at all 
temperatures, while the largest contribution was from point defects and estimated to be 49% 
(Graebner et al., 1994). 
A phenomenon known as the isotope effect illustrates the extent to which point defects can affect thermal 
conductivity. Isotopically pure CVD diamond with 0.07% 14C has been shown to have thermal conductivity 
50% higher than natural single-crystal diamonds (1.1% 14C) over the temperature range 170K to 320K 
(Olson et al., 1993). In polycrystalline CVD diamonds, a similar isotopic purity produced a thermal 
conductivity improvement of at least 34% (Inyushkin et al., 2007). The point defects in these cases are just 
carbon atoms with the extra mass of one neutron, a mass difference of around 8%. In both cases, the effect 
cannot be explained just by Rayleigh scattering of phonons by the defects, and it is concluded that 
phonon-phonon interactions must contribute. 
 
2.3.6 Interface thermal resistance 
We have seen that heat transport in diamond is by propagation of vibrations. For a diamond component to 
act as a heat spreader in an X-ray anode, heat from the metallic anode film must cross the metal-diamond 
interface and set the diamond lattice vibrating. The diamond is brazed into the copper body. To be 
removed from the system by the cooling water, heat must also cross the diamond-braze and braze-copper 
interfaces. Depending on the particular anode, there may be a metallic adhesion layer between the anode 
film and the diamond, such that there are actually two interfaces to cross for the heat to pass into the 
diamond. It is clear that for heat to pass with minimum resistance from one material to another, there 
must be good physical contact. However, even if both materials have defect-free crystal lattices and with 
good physical contact at the interface, there may be a material incompatibility that inhibits generation of 
phonons in the receiving material. This can be an intrinsic feature of the interface, and not caused (but 
possibly made worse) by accumulated defects. Interface thermal resistance is also referred to as thermal 
barrier resistance, and may also be expressed in terms of the reciprocal concept referred to as thermal 
boundary conductance. Interface thermal resistance is not easy to predict, but materials with largely 
differing Debye temperatures tend to have the highest interface thermal resistance (Lyeo and Cahill, 2006; 
Anaya et al., 2016a). Interface thermal resistance has been combined with the thermal resistance from the 
grain boundaries and defects near the nucleation surface of the diamond, giving a lumped effective thermal 
boundary resistance (Zhou et al., 2017). An experimental approach to demonstrating the efficacy of a 
diamond heat spreader will capture any interface thermal resistance in the system under test. 
One interface that has been shown to exhibit particularly high interface thermal resistance is that between 
hydrogen-terminated diamond and bismuth (Lyeo and Cahill, 2006). As has been discussed, diamond has 
thermal conductivity of the order of 2000 W m-1 K-1. Bismuth, by contrast, has thermal conductivity around 
8 W m-1 K-1. The diamond-bismuth interface is approximately equivalent to a 100 nm layer with thermal 
conductivity just 1 W m-1 K-1 (Figure 2.9). 
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Figure 2.9: Measured interface thermal conductance for bismuth and hydrogen-terminated diamond, and 
some other materials (Lyeo and Cahill, 2006). The vertical axis on the right gives the equivalent film 
thickness of a material with thermal conductivity of just 1 W m-1 K-1. 
 
A comparison of the thermal boundary conductance between diamond and several transition metals (Cu, 
Cr, Nb, Mo and W) demonstrated that the best conductance was from Cr on diamond, and this was further 
enhanced by a factor of 11 by plasma treating the receiving diamond surface prior to coating (Monachon 
and Weber, 2012).  
 
2.3.7 CVD diamond microstructure and physical properties 
In section 2.3.5, the causative effect that microstructure of CVD diamond has on the thermal conductivity 
was examined. In this section, other relationships between physical properties, not necessarily causative, 
are presented. 
The thermal properties of CVD diamond have been shown to be correlated to a number of measured 
physical properties. In some cases, the physical properties are affected by microstructure or composition, 
so are a proxy measure of this.  
Thermal conductivity has been shown to be inversely correlated to optical absorption over a wide range of 
each (Graebner, 1995). The experiment was designed to measure true absorption and to exclude the 
effects of scattering by internal features as far as possible. The work included diamond material produced 
by ten different laboratories, showing that this correlation is a general one. Absorption in the infra-red has 
been inversely correlated with thermal conductivity, the absorption being related to defects (Graebner et 
al., 1994). High quality diamond material gives a narrow Raman peak at 1332 cm-1; the width of this peak is 
shown to correlate inversely to thermal conductivity. The colour and opacity of CVD diamond have been 
shown to be linked to quality and thermal conductivity (Graebner, Mucha and Baiocchi, 1996; 
Balmer et al., 2009). 
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Absorption of light at 10.6 µm and microfeature density have shown a positive correlation (Mollart et al., 
2003). Microfeatures were identified as black areas in digital micrographs, and their density estimated by 
dividing their total area by the thickness of the sample. -CH groups, thought to be concentrated at 
microfeatures, are responsible for the absorption peak at 10.6 µm. 
Surface roughness (as-grown) and sp3 diamond content of CVD diamond have been related to both the 
extinction coefficient and the complex refractive index (Yin et al., 1997) 
Surface treatments were used to alter the terminating species at the diamond surface, affecting the field 
emission properties both positively and negatively (May et al., 1998). Electronegative surface species such 
as oxygen and chlorine reduced field emission, while hydrogen as a terminating species had the highest 
field emission. 
 
2.3.8 Characterizing the thermal properties of CVD diamond 
A number of factors make the measurement of the thermal conductivity of CVD diamond a challenge, and 
it is common to see large discrepancies and uncertainties (Graebner et al., 1998). These factors include the 
magnitude of the thermal conductivity (several times that of copper), and its anisotropic and 
inhomogeneous nature. A set of duplicate CVD diamond samples from various sources were sent to 
fourteen laboratories for measurement of thermal properties by five different techniques. Results showed 
wide variation, and most of the laboratories underestimated the uncertainties in the measurements 
(Figure 2.10). 
There is much variation between the measurements. Some outliers from the trial show no overlap with the 
mean and two standard deviation interval. The different techniques used are illustrative of the different 
approaches that are used to determine the thermal conductivity of diamond. The techniques are listed 
below with a brief description of each (Table 2.1). Note that the d.c. heated bar method is the only 
technique that directly measures the coefficient of thermal conductivity (CTC); the others measure thermal 
diffusivity and infer the CTC from the heat capacity per volume. 
Despite the complexity of these methods and the wide variation in the results, it is possible to make 
reproducible and consistent measurements. Laser flash and d.c. heated bar methods were employed to 
measure, respectively, through-plane and in-plane thermal conductivity of CVD diamond samples. As a 
control, the two techniques were also applied to an isotropic single crystal sample. The two techniques 
gave estimates of CTC that were within 1% of each other after careful consideration of radiative losses 
(Graebner et al., 1994).  
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Figure 2.10: The results from different laboratories measurements of the thermal conductivity of the same 
set of duplicate CVD diamond samples (Graebner et al., 1998). Each box shows results for one sample, 
paired boxes being duplicate samples, and the pattern on the bars represents the five different techniques 
used; error bars are the uncertainties reported by the laboratories. Mean for each sample is shown by the 
solid lines, with the dotted lines marking an interval of ± two standard deviations. 
 
 
Table 2.1: some techniques for measuring thermal conductivity of diamond: 
 
Technique 
Measurements 
(Figure 2.10) 
 
Description 
 
d.c. heated bar 
 
L1-L3 
 
Sample heated locally and steady state thermal gradient 
measured, fitted to one-dimensional model. 
 
Ångstrom thermal wave L4-L10 Oscillating heat source applied locally while variations in 
amplitude or phase are measured at some distance, fitted 
to a simple model. 
 
Mirage L11-L12 High frequency optical heating applied to sample while 
deflection of a probe laser indicates change in refractive 
index of air above sample, fitted to complex model. 
 
Transient thermal 
grating 
L13-L14 Two laser beams heat sample in an interference-induced 
grating pattern, decay of pattern measured by diffraction 
of probe beam, fitted to model. 
 
Laser flash diffusivity L15 Front face of sample heated by laser pulse, temperature 
rise at rear face of sample recorded, fitted to model. 
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2.4 Conclusions 
X-rays for analytical, inspection and imaging techniques are often produced by directing high energy 
electrons at a metallic anode in vacuum. A variety of anode materials and electron energies are used, 
depending on the application. X-ray production can take place in an encapsulated X-ray tube when the 
sample itself is not under vacuum, or within a larger system containing the sample under vacuum. A 
common feature to nearly all X-ray sources is that there is waste heat produced in the X-ray anode that has 
the potential to damage the anode material if not properly managed. Some anodes are water cooled, some 
are air cooled. Torr Scientific already manufactures X-ray anodes for XPS and for X-ray inspection, but there 
is potential to increase the sales of anodes featuring diamond as a heat spreader if the benefits can be 
understood and demonstrated.   
High thermal conductivity has been shown to be one of the outstanding and unparallelled properties of 
diamond. Isotopically pure single crystal material has the highest thermal conductivity, with polycrystalline 
materials generally having lower thermal conductivity. However, high quality polycrystalline CVD diamond 
has thermal conductivity that approaches that of natural gemstones. Transport of heat is by propagation of 
phonons, and this is facilitated by the rigid structure of the sp3 crystal lattice of diamond. 
Grain boundaries and associated defects are a source of thermal resistance, and the columnar structure of 
the grains means that thermal conductivity has anisotropic properties, being higher through-plane than in-
plane. Due to the variation of grain size through the grown thickness, there is also inhomogeneity of 
thermal properties. For these reasons, any measurement of CTC must be considered as an average for the 
volume of material sampled. Optical absorbance is one of a number of other physical properties that are 
correlated to thermal conductivity. This gives the possibility that a simple and inexpensive measurement 
might serve as a useful proxy for CTC. The inherent difficulty and expense of measuring thermal 
conductivity of diamond samples experimentally, combined with the uncertainties associated with 
measurements from commercial laboratories, leads to an empirical approach to demonstrating the 
performance of CVD diamond heat spreader components in X-ray anodes. In those cases where CTC figures 
are acquired or provided for a material, the figure must be treated, as stated above, as a local average. 
Lattice incompatibility can be a source of interface thermal resistance between two dissimilar materials, 
regardless of bulk thermal conductivity or the integrity of the interface. Closely matched Debye 
temperatures and crystal systems that are closely matched make it less likely that phonon propagation will 
be hindered by this resistance, though theoretical prediction is not trivial or reliable. Interface thermal 
resistance can act like a 100 nm layer of material with CTC of just 1 W m-1 K-1. This is another reason why 
CTC alone may not be a reliable predictor of heat spreader performance, and supports the use of an 
empirical approach applied to diamond heat spreader appraisal. Interface thermal resistance would have 
most effect if it prevents heat transfer into the diamond from the anode film, as heat flux is highest here. 
Resistance to heat passing from the diamond to the anode body would be less disruptive as heat flux is 
greatly reduced here. 
Theoretical thermal analysis is useful for understanding potential effects of design and material variations 
(Chapter 5), but an empirical approach will be employed to demonstrate the efficacy or otherwise of a CVD 
diamond heat spreader in X-ray anodes (Chapter 6).  
  
EngD programme: MiNMaT 
URN: 6287959 
 
29 
3. Methods of CVD diamond characterisation 
3.1 Introduction 
Different techniques were employed to characterise CVD diamond samples from different manufacturers, 
and to identify any characteristic features of material from particular manufacturers. Importantly, close 
examination allows the nucleation and growth surfaces of the diamond sample to be identified. The 
difference in thermal properties between these two surfaces (Graebner et al., 1992a) could have important 
implications for the performance of the material as a heat spreader (see Chapter 5). The techniques 
employed were white light interferometry (WLI), atomic force microscopy (AFM), scanning electron 
microscopy (SEM), laser scanning confocal microscopy (LSCM) and Raman microscopy. In this chapter, the 
purpose and capabilities of each technique are described along with the principles of operation. The output 
format of each technique is examined and possible artefacts and errors in the results are discussed. 
 
3.2 White light interferometry 
3.2.1 Introduction: white light interferometry 
The surface topography of the diamond samples was recorded with a Zygo ZeGage white light 
interferometer. This technique is usually straightforward, simple to operate and rapid, and requires little or 
no sample preparation. The technique is non-contact and therefore non-destructive. Multiple scans may be 
stitched together to cover a larger area. It provides information on surface roughness, reveals polishing 
marks and voids, and can reveal the grain boundaries of the polycrystalline CVD diamond material. The 
grain boundaries are evident because of small height differences between grains due to either the polishing 
or growth processes: different crystal orientations give different growth rates and resistance to abrasion 
(Uddin, 2004). 
 Assessment of grain size is important in identifying the growth and nucleation faces of CVD diamond, the 
latter having considerably larger grains as a result of the competitive grain growth of the CVD process (see 
Chapter 2). We will see in Chapter 5 that the difference between these two faces could have important 
implications for the performance of CVD diamond as a heat spreader. 
 
3.2.2 Graphical output from white light interferometry 
The graphical output of WLI (white light interferometry) is generally simple and intuitive to comprehend. 
Different heights are assigned different colours or intensities according to a look-up table chosen by the 
operator, resulting in a two-dimensional height map. The Zygo ZeGage scans are 1024 by 1024 pixels in 
size. Rainbow colour scales are popular (red-white being high, blue-black being low) but may be less 
informative than a single colour plot with varying intensities (light being high, dark being low). Very often 
the two-dimensional map can be conveniently interpreted by the visual system of the viewer as a pseudo-
three-dimensional image. The height map may be conveniently rendered and manipulated as a three-
dimensional surface with or without the colours of the height map superimposed (Figure 3.1). 
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Figure 3.1: Three modes of graphical output from the white light interferometer: rainbow scale (left), 
intensity scale (middle) and three-dimensional rendering (right). In the latter, the vertical scale is greatly 
exaggerated relative to the lateral scale. The scans show a metallic anode coating with thickness 
approximately 4.5 µm on a CVD diamond heat spreader. 
 
The data may be processed or filtered to reveal information that is otherwise obscured by the data. If fine 
detail is of interest, larger dimensional height changes can be suppressed so that only fine detail can be 
observed (Figure 3.2). This is especially important in quantifying surface roughness: curvature of the surface 
and similar aspects of form will cause an over-estimation of roughness if not removed. Conversely, if form 
is the feature of interest, smaller scale roughness can be suppressed by filtering. This can allow more 
consistency when taking height or depth measurements from a scan. 
 
 
      
Figure 3.2: The curvature of the component obscures the fine ion-etched pattern when the data are 
unfiltered (left). With the curvature suppressed by filtering the data, the grid pattern can be observed and 
measured (right). The depth of the grid pattern is less than 3 nm. 
 
By default, the instrument removes tilt from the dataset using a plane fit and subtraction. Usually this gives 
perfectly acceptable results, but where the dataset has multiple surfaces at different heights, the default 
correction might give an inappropriate result, with the tilt obscuring the details of interest. In such cases 
the user can specify the tilt removal algorithm to level just the region of interest. 
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3.2.3 Principles of operation of white light interferometry 
White light interferometry relies on constructive and destructive interference patterns to measure relative 
heights. Polychromatic light from a source within the instrument is split such that one portion is directed to 
a reference mirror, and the other portion is directed to the sample surface. The path length of the light to 
the reference mirror is unchanging, while the path length of the light reflecting from any part of the sample 
is dependent on the height of that part. Both beams are returned to a detector after reflection from the 
reference mirror or the sample, respectively. When the path lengths of the reference beam and the sample 
beam coincide, constructive interference occurs as the peaks of the waves are in phase with each other. 
When the path length differs by half a wavelength, destructive interference occurs as the peaks of one 
beam coincide with the troughs of the other because they are out of phase by π. To make a scan, the 
distance to the sample is varied through sufficient scan distance that every part of the sample passes at 
some point through a position such that the path lengths of the sample and reference beam are equal and 
interference fringes are formed. The algorithms of the system determine, for every part of the examined 
sample surface, the height at which the maximum intensity of interference fringes occurs and from this 
infers the relative heights of all parts of the surface.  
The use of polychromatic light (in the Zygo ZeGage, the light has a green appearance) means that the 
coherence length is shorter than it would be if monochromatic light were used.  This means that fringes are 
only observed when the path length difference is close to zero (Figure 3.3), reducing ambiguity that might 
be caused by interference fringes at whole wavelength path differences. Errors from this ambiguity are 
known as 2π errors (Petzing, Coupland & Leach, 2010). 
 
 
 
Figure 3.3: Interference fringe patterns from a monochromatic source (left) and a ‘white light’ 
polychromatic source (right). In both cases the sample is tilted from left to right. The monochromatic 
source produces a continuous pattern across the slope, while the polychromatic source only produces a 
pattern over a limited region of a certain height (images from (Petzing, Coupland & Leach (2010)). 
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3.2.4 Artefacts and errors in white light interferometry 
Despite its ease of use and the intuitive ease with which the output can be understood, white light 
interferometry is prone to data artefacts in certain situations.  
Steep sides, such as in step features, may be at too steep an angle to reflect sufficient light back to the 
detector. It is not uncommon to see missing data in this type of feature. Surfaces that have a texture that 
renders them non-reflective may also prove difficult to scan, again because not enough light is reflected 
back to the detector. Missing data is usually the result. Depending on the scan settings, missing data can 
manifest as noise spikes in the data: if the threshold settings are allowing retention of poor quality data, 
areas of data paucity will be prone to noise spikes. In the case of steep steps, roughness may actually 
improve the measurement by scattering more light back to the detector. 
In parts of the sample where a tilted sample or the sample topography causes the fringes to be very closely 
spaced, an artefact can appear in the scan with a shape that matches the fringe pattern. This is particularly 
likely when vibration affects the scan. Levelling the sample to broaden the fringes is good practice and 
minimises the effect of vibration during a scan. 
At the top or bottom of steps or similar sharp edges, it is quite common for spurious ridges to appear in the 
WLI scan that are not present on the sample. This is known as a bat-wing error and is due to interference 
cause by light that is diffracted by the edge of the step. 
Sometimes a scan will show that a steep-sided pit or void has a structure on its base that is not present in 
the sample. The structure is typically dome shaped. While some false structures may be bat wing errors 
(see above), they may also be the result of multiple internal reflections falsely lengthening the path length 
of the sample beam. Sometimes a pit or void might be so strongly affected by this artefact that it may 
appear more like a particle or pip that is standing proud of the surface. This is compounded if batwing 
errors and data noise spikes are all present together. 
In polycrystalline CVD diamond samples with voids or polishing scratches in the surface, these artefacts are 
most likely to occur in and around the void. In the worst case, there may be regions of missing data within 
the void, a false dome at the base of the void with data noise spikes superimposed on this, and ridges 
around the lip of the void, also with noise spikes superimposed. The fact that these artefacts, with the 
exception of voids in the data, all add false features to the sample means that there can be a tendency to 
overestimate surface roughness parameters when compared to other techniques (Petzing, Coupland & 
Leach, 2010). WLI vibration and fringe artefacts can be minimised by levelling the sample and ensuring an 
environment free of problem vibrations. Scan settings can minimise some of the other artefacts but some, 
such as from multiple internal reflections, can be difficult or impossible to eliminate. Data noise spikes can 
be filtered from the data, but over-aggressive filtering runs the risk of obscuring genuine topography. A 
complementary technique such as AFM (atomic force microscopy) or examination with a light microscope 
can help in understanding ambiguous scan features, but it can be difficult to return to and identify the 
same microscopic feature on different instruments. 
An artefact that is not always obvious as such can occur when measuring the relative height of two surfaces 
with refractive indices that are very different. An example would be the measurement of a metallic thin 
film on a glass substrate. The height of such a step can be underestimated, but the step profile looks 
perfectly normal with no obvious sign of problems with the data. The error is due to the fact that there is a 
phase shift associated with the reflection process, and where very different materials are present the phase 
shift of the sample beam may be different for one material than for the other (Petzing, Coupland & Leach, 
2010). This affects the height at which the interference fringes are recorded by the detector during the 
scan, and hence the step height can be wrong. In most cases the error will be less than a few tens of nm, 
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but in some circumstances the step feature may be inverted in the scan results. This artefact has not been 
an issue in the characterization of CVD diamond, but it should be borne in mind if a thin coating on the 
diamond is to be examined (see Figure 3.1). A thin reflective coating can be applied over both the materials 
that are being measured to avoid this error.  
 
3.2.5 Summary: white light interferometry 
WLI provides a rapid, non-destructive and simple-to-operate way of characterizing the surface of CVD 
diamond and identifying the nucleation and growth faces. There are several artefacts that appear in the 
data due to the optical measuring process. Noise spikes, bat wing artefacts and artefacts from multiple 
internal reflections should be identifiable, but complementary techniques should be employed where there 
is ambiguity. Step height errors are not easily identified, nor easily corrected. Complementary techniques 
may be employed in some cases, but thin film steps may be beyond the detection limit of many physical 
techniques. A metallic coating over the step can be applied to avoid step height errors.  
Metrology of the physical features is generally simple, and filters are available to make the detail of interest 
more apparent and more easily measured. 
 
3.3 Atomic Force Microscopy 
3.3.1 Introduction: atomic force microscopy 
AFM (atomic force microscopy), like WLI, is a surface profiling technique that produces a two-dimensional 
map of surface height. While WLI measures height optically, AFM uses a physical probe in various degrees 
of physical contact with the sample. The lateral resolution of AFM is superior to that of WLI, ultimately 
depending on, among other things, the sharpness of the probe tip. Vertical resolution is at the nm scale, 
similar to WLI. The instrument used to characterise CVD diamond was a Bruker Dimension Edge fitted with 
a Bruker Scanasyst Air probe. The technique is not as rapid as WLI, and is not as simple to operate, but the 
surface detail revealed is significantly superior. AFM is not free from data artefacts (see below), but these 
are of a different type to those in WLI. The measurements were taken using Bruker’s proprietary PeakForce 
Tapping mode, in which the probe tip oscillates rapidly, repeatedly coming into contact with the sample as 
the probe is scanned row-by-row across the sample. 
The sample information revealed by AFM is similar to that for WLI: surface topography, roughness, 
polishing marks and voids. Identification of the nucleation and growth faces of CVD diamond is possible 
based on grain size. The lateral resolution achieved for CVD diamond was of the order of 10 nm, far 
superior to the approximately 0.1 µm achievable with the 50x objective lens of the WLI. There is minimal 
sample preparation, but particles and other residues can give problems, so a solvent clean can improve the 
scan quality. AFM can usually be performed in air, so no vacuum is required. The technique is generally 
non-destructive: softer samples might be affected by the tip, but for CVD diamond this is not an issue.  
Vibration isolation is provided on this instrument. 
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3.3.2 Graphical output of atomic force microscopy 
As with WLI, the graphical output from AFM usually takes the form of a two-dimensional colour-coded 
height map. The data can also be rendered and manipulated as a three-dimensional topographical map. 
The same advantages of WLI apply to AFM: the height map is often easy and intuitive to interpret, and may 
be perceived as a pseudo-three-dimensional image of the surface. 
The data may be filtered or processed to obscure or enhance certain features, and to remove scan artefacts 
(see below). This also allows more representative quantification of roughness parameters and the like. 
 
3.3.3 Principles of operation of atomic force microscopy 
The probe is scanned across the sample surface row-by-row over the area specified by the operator and at 
a resolution specified by the operator. Using Bruker’s proprietary PeakForce Tapping mode, the probe 
oscillates vertically at up to 8 kHz, interacting with the surface with a typical force of 10 pN (Bruker 
PeakForce Tapping, 2017). PeakForce Tapping mode allows many of the control parameters for tip-surface 
interaction to be automated, allowing reasonable scans to be acquired by inexperienced users.  
The movement of the probe and the magnitude of its deflection at the moment of contact with the sample 
is measured by reflecting a laser from the cantilever on which the probe is mounted and tracking the 
position of the reflected beam. It is possible to record other quantities along with the height. For example, 
the force required to pull the tip back and break contact, known as ‘adhesion’, can be measured, giving 
information about the physical properties of the surface. 
 
3.3.4 Artefacts and errors in atomic force microscopy 
The ultimate resolution of AFM is related to –but not equal to– the tip size of the probe. Features smaller 
than the tip of the probe may be resolved, but the shape of the tip is always convoluted with the shape of 
features reported by the scan. For example, the wall of a vertical step in the scan will be angled away from 
vertical in the scan at an angle similar to the taper angle of the probe tip. This is not a major concern for the 
characterization of CVD diamond. The tip has a nominal height of 2.5 µm to 8.0 µm, so the maximum depth 
of void that it can correctly report will be subject to this limit, as the cantilever on which the tip is mounted 
will prevent further penetration. Some diamond samples have voids, so this limitation might be 
encountered. 
Artefacts from the scanning process are common, but are generally less ambiguous than WLI artefacts, 
because they tend to take the form of horizontal lines or blocks with a different height (colour or intensity) 
than adjacent areas – in other words, spurious steps. The horizontal geometry reflects the scanning sweeps 
of the stylus. They can occur if the tip picks up a particle or contamination, affecting the height at which 
contact is made with the sample. If a part of the tip breaks off during a scan, this too will introduce a step 
artefact. Using a high degree of automation with PeakForce Scanning mode may lead to step artefacts. If 
the probe-surface interaction parameters are changed automatically by the system in response to surface 
contamination or a void, then there may be a step height change from that point on. The frequent 
appearance of artefacts associated with surface features, contamination and voids does suggest that this 
might be the case. Another cause of this was thought to be vibrations from the banging of nearby doors, 
being sufficient to overpower the vibration isolation system of the instrument and inducing an adjustment 
in the scan parameters. 
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Fortunately, the straight-line nature of these artefacts means that in many cases they are satisfactorily 
removed using one of several variants of a row-by-row levelling of the image data. This process was 
undertaken using Scanning Probe Image Processing (SPIP version 6.3.2) package by Imagemet. In most 
cases, excellent scan artefact removal was achieved with appropriate masking to exclude valid features 
from the averaging algorithm. In some cases, however, incomplete artefact removal was the result. In rare 
cases where the levelling process removed the artefact but introduced some distortion to the form of the 
data, a judgement was made as to whether the improved clarity of the detail was a greater benefit than the 
distortion was a problem. 
An artefact that was observed in some scans was an apparent chattering of the tip as it scanned along the 
sample. This manifested in the height map as repeated ghost images of surface features. This occurred 
when the horizontal scan speed was set high, and presumably induced a bounce or other reaction in the 
probe that caused one or more faint replicas of the feature in the downstream direction of the scan. These 
artefacts are not easily addressed retrospectively, they should have been detected at the time of 
acquisition and a slower scan rate specified. 
 
3.3.5 Summary: atomic force microscopy 
AFM is a non-destructive way to characterise the surface topography of CVD diamond surfaces, needing 
minimal sample preparation. Fine detail at the nm scale is revealed, and nucleation and growth surfaces 
can be identified. Tip convolution artefacts are unimportant for this work, whereas limits to the depth of 
void that is detectable should be considered when viewing results. Scan artefacts may be caused by tip 
damage or contamination, or by over-reliance on automated scan parameters. Scan artefacts are usually 
easily identified and removed by image processing. Artefacts from inappropriate scanning speed are not 
easily fixed retrospectively. The output format from AFM is near identical to that of WLI, being a two-
dimensional colour-coded height map, and many of the same data visualization and processing procedures 
can be employed. AFM gives better lateral resolution than WLI, and comparable vertical resolution, but set-
up and scan time are greater. 
 
3.4 Scanning electron microscopy 
3.4.1 Introduction: scanning electron microscopy 
Scanning electron microscopy (SEM) is a technique that can reveal three-dimensional detail of CVD 
diamond at high magnification and resolution. In particular, details of the internal structure of surface voids 
and cracks can be examined without the artefacts associated with AFM and WLI. The technique can reveal 
grain structure and surface texture, but acquisition conditions must be chosen carefully to emphasize fine 
surface detail. WLI is a more efficient technique for identifying nucleation and growth faces. The 
microscope used at Torr Scientific is a Hitachi S4000, but images from other instruments are used. 
SEM is generally a non-destructive technique, but very fine structures and biological samples can incur local 
damage. Even with more robust samples such as CVD diamond, the sample surface can be changed by 
dwelling too long and with high zoom at one site, so that a dark surface patch is seen when zooming back 
out. CVD diamond is a dielectric material, so standard SEM practice would be to apply a thin metal coating 
to allow charge to dissipate from the sample. This would, in effect, constitute a destructive sample 
preparation process, so images here were taken from uncoated samples. Sample preparation is therefore 
limited to ensuring they are clean and then mounting to a sample stub with electrically conductive carbon 
tape. SEM requires vacuum, so a certain amount of pumping time is required. The acquisition of images can 
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be achieved quite quickly, but some acquisitions require some experimentation with instrument settings. 
There are also a few ‘housekeeping’ tasks that are usually performed at the start of each session, such as 
beam and aperture alignment. 
 
3.4.2 Electron micrographs from scanning electron microscopy 
The images produced by SEM are known as electron micrographs, even though they are generally captured 
digitally now rather than as a photograph. They are essentially a monochrome image of the sample that can 
look very much like a greyscale photograph, often with what appear to be shadows and highlights and an 
impression of depth. Depth of focus can be long with SEM (depending on the sample and acquisition 
settings), allowing features may be viewed in a context that is usually very intuitive to interpret.  
Electron micrographs from the S4000 have a scale bar made up of a row of dots at bottom right, with the 
corresponding length indicated below it (Figure 3.4). 
 
 
Figure 3.4: Electron micrograph of a flat-bottomed pit, laser engraved in CVD diamond (This work was 
supported by Smart Factory Hub, which is part-funded by the European Regional Development Fund and 
the University of Birmingham). Image acquired by the author. 
 
3.4.3 Principles of operation of scanning electron microscopy 
With the sample in the instrument and under vacuum, a finely focused electron beam rasters row-by-row 
across the area of the sample to be imaged. As it sweeps, secondary electrons are ejected from the sample 
and are counted by a detector. The image is formed by creating from each sweep a line of varying intensity 
on a screen, the intensity representing the secondary electron count at the different positions along the 
sweep. The lines stack together on the phosphor screen to form an image, with contrast solely from the 
variation in secondary electrons detected. The screen of the S4000 is a CRT (cathode ray tube), such that 
the sweep of the electron beam within the CRT forming the image on the phosphor screen is exactly 
analogous to the sweep of the electron beam on the sample. For a permanent record, images are captured 
digitally by an attached PC. 
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Contrast in the image comes from different regions of the sample yielding different secondary electron 
counts at the detector. This is affected by several factors (Sakai et al., 1999), but the most important is that 
the detector will tend to collect secondary electrons less efficiently from surfaces that face away from it 
than from surfaces that face towards it. If there is a physical structure between a surface and the detector, 
the areas of the surface that have their line of sight to the detector obscured may have a dark ‘shadow’ 
across it. The final image will appear to be viewed from the direction of the primary electron beam and 
illuminated from the direction of the detector (Castle and Zhdan, 1997). 
The important choices by the operator are the accelerating voltage of the primary beam, the size of the 
beam apertures, the working distance (sample to objective) and the beam current. The operator will zoom 
to the area of interest then focus and stigmate the beam for each image. Zoom is effected by simply 
rastering the beam over a smaller area to zoom in, or over a larger area to zoom out. In acquiring images 
from uncoated CVD diamond, the main challenge to the operator is to not cause a build-up of charge on 
the sample (see below). The operator is also responsible for manipulation of the sample for imaging. The 
S4000 has x,y and z translation, single-axis tilt and rotation about the vertical.  
 
3.4.4 Artefacts in scanning electron microscopy 
If the sample is made of a dielectric material, such as CVD diamond, there is a danger that it will acquire a 
build-up of charge. A sample can charge either negatively or positively (Goodhew and Humphreys, 1988) 
Usually, this will be a negative charge due to net implantation of electrons by the primary beam that shows 
in the image as bright, unfocussed regions, particularly at extremities of the sample. There are several ways 
to lessen negative charging. Reducing the accelerating voltage of the primary beam is usually effective, but 
can lead to grainier image due to reduced secondary signal. Reducing the beam current can help, but is 
often less effective than reducing the voltage. Minimizing the amount of time spent at high zoom, for 
example while focussing and stigmating, is usually necessary. Positive charging causes a dark patch in the 
image. It is counteracted by the opposite actions that reduce negative charge. Zooming out and moving the 
zoomed region away from the beam usually allow charge to disperse. 
An artefact that is routinely seen in samples, whether dielectric or conducting, is the edge effect. A surface 
that is far from perpendicular to the beam can appear unreasonably bright, far brighter than would be 
expected from just its aspect. The reason is that the beam does not penetrate so deeply into the sample 
but instead remains close to the surface, so that many more secondary electrons are liberated simply 
through proximity to the surface. Edge effects can be managed by careful sample positioning. 
Another artefact that is related to electron beam penetration is low sensitivity to surface detail. If a high 
accelerating voltage is used, surface detail may be suppressed, particularly if the detail in question is very 
thin. A high voltage beam interacts relatively weakly with material near the surface, and the number of 
secondary electrons produced from the surface relative to those from the sub-surface will be reduced. 
Choice of accelerating voltage should be made such that features of interest are not suppressed. 
Despite the natural and intuitive perception of depth when interpreting SEM images, it can be easy to 
misinterpret what is seen. Some structures are prone to erroneous inversion by the human visual system, 
even when the image accurately represents shadowed and highlighted areas. A pit can easily be interpreted 
by most people as a lump. It is easy for most people to interpret an image of a flat-bottomed pit (Figure 3.4, 
above) either correctly as a pit in the ground (like a pond) or as a protrusion on a ceiling (like a smoke 
detector), even flipping between the two from one moment to the next. 
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3.4.5 Summary: scanning electron microscopy 
SEM is useful for high resolution images that reveal voids in the CVD diamond surface and detail within the 
voids. The images are generally easy to interpret, and the artefacts do not generally lead to 
misinterpretation. One exception could be the way that SEM can suppress fine surface detail if the 
accelerating voltage is too high. CVD diamond is a dielectric, and so is prone to charging unless acquisition 
parameters are optimised to prevent this. Keeping the accelerating voltage low is the main preventative 
measure. A metallic coating would prevent charging, but would affect the suitability of the sample for other 
uses. Examining CVD diamond by SEM is generally straightforward and presents only minor technical 
challenges. 
 
3.5 Laser scanning confocal microscopy 
3.5.1 Introduction: laser scanning confocal microscopy 
A Zeiss LSM700 LSCM (laser scanning confocal microscope) was used to seek evidence of internal voids in 
the CVD diamond material; that is, voids that are entirely enclosed and that do not intersect the surface. 
The mode of operation of the LSCM (see section 3.5.3, below) allows some elucidation of sub-surface 
features. The technique is purely optical, and so is non-destructive. 
Operation of the LSCM is more technically demanding than the techniques described above, and with an 
inexperienced operator, setting up and acquisition can be time consuming. Sample preparation is minimal, 
being limited to a surface clean. The three-dimensional scans take the form of image stacks, each of which 
may contain many individual frames, so the acquisition itself can be time consuming, roughly equivalent to 
acquiring an AFM scan. 
An LSCM can be used to acquire surface topography, but is less efficient than WLI and suffers from similar 
artefacts (Wessel et al., 2003), so it was not used for this purpose.  
 
3.5.2 Image stack output from laser scanning confocal microscopy 
Individual captures are saved as standard .TIFF files, but three-dimensional image stacks are stored as 
proprietary .CZI files that contain the image data and the acquisition parameters and related information. 
The stacks consist of a series of individual two-dimensional datasets (images) acquired at depth intervals 
within or above the sample. 
Zeiss has several proprietary acquisition packages that can be used for image viewing, manipulation and 
analysis. The packages are several different versions of Zen software. A free version for home use, known 
as Zen Lite, is provided and allows limited image viewing and manipulation, but not analysis. Zen Lite has 
proved difficult to install and operate, and somewhat unstable in use. The graphical output of Zen Lite can, 
however,  be very informative in interpreting the stack data. 
A distribution of open source image analysis software ImageJ (Schneider, Rasband and Eliceiri, 2012) called 
Fiji (Schindelin et al., 2012) is able to open and manipulate .CZI files, and has an impressive suite of image 
analysis plugins available. Some of the work with these files was done with the aid of Fiji. 
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3.5.3 Principles of operation of laser scanning confocal microscopy 
A laser is rastered across the area of interest, and the light reflected back from the laser is focused onto a 
narrow aperture. The aperture screens off unfocussed light, so that only light from the current focal plane 
reaches the detector (though it is unfocussed when it reaches the detector), where the integrated intensity 
is recorded for that point on the image. This happens at points corresponding to each pixel of the image, 
and the image for that focal plane is built up from the intensity at each point. When the raster pattern is 
complete, the sample is moved nearer the objective and the raster is repeated, this time focused at the 
new –slightly deeper– focal plane.  
The focusing of the light on the aperture means that light from above or below the focal plane is almost 
totally excluded from the intensity total. This is the mechanism that allows sub-surface imaging - light from 
focal planes above (and below) the current one is excluded. In this way, a two-dimensional image from 
each incremental depth is recorded, and the two-dimensional images together form a three-dimensional 
image stack.  
The operator chooses the laser and its intensity, the lateral resolution, the end points for the vertical 
sweep, the number of depth increments, the objective magnification, the area of interest and the focal 
plane and both digital and detector gain. There is an option to set different parameters for several different 
depths and have the instrument interpolate for the intermediate depths. This option was used for some 
acquisitions to attempt to compensate for signal attenuation from deeper focal planes. 
 
3.5.4 Artefacts in laser scanning confocal microscopy 
Acquiring the sub-surface data proved challenging, and the results are of varying quality. The main two 
challenges were the very bright signal from the polished top surface of the CVD diamond, and the signal 
attenuation at depth where the signal-to-noise ratio can decline appreciably. Diffraction effects such as Airy 
rings became more prominent at depth. 
Some samples had features such as voids in the surface or bulk that contrast strongly with the bulk due to 
their low transparency and/or high reflectivity. The main effect of these features is that they prevent light 
from deeper planes reaching the detector. Even though confocal microscopy rejects most of the light from 
outside of the current focal plane, features between the current focal plane and the detector can cast a 
shadow by obstructing light from the current focal plane. When a three-dimensional projection of the stack 
is rendered, this effect manifests as a dark region extending vertically beneath the obstructing feature. 
Where a sub-surface feature is observed, it is difficult to say with certainty whether the feature is an 
inclusion, a void or some other contrast mechanism. 
 
3.5.5 Summary: laser scanning confocal microscopy 
LSCM has been used to look for evidence of sub-surface voids or other defects in the bulk of the CVD 
diamond samples. The images can be challenging to acquire and to interpret, and direct comparison 
between samples would ideally need some degree of protocol standardization.  
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3.6 Laser Raman microscopy 
3.6.1 Introduction: Laser Raman microscopy 
Laser Raman microscopy is another technique that requires minimal sample preparation and that is 
reasonably straightforward to perform. It is an optical technique, and is non-destructive, albeit with a small 
risk of heat damage from the laser. 
Raman is commonly used to analyse CVD diamond, and can yield information about the relative 
proportions of sp3 and sp2 carbon, the degree of polycrystallinity, stress and the presence of impurities. 
High quality sp3 diamond is relatively easy to identify, but to extract some of the other details requires 
careful spectral peak analysis and fitting. 
The instrument used was a Renishaw inVia reflex Raman Microscope. The analyses were performed with a 
532 nm excitation source at 0.1% intensity, and the scan covered the range 500-3200 cm-1. It was not 
possible to analyse samples from Diamond Materials and Applied Diamond because samples were not 
available at the time.  
 
3.6.2 Raman microscopy: principles of operation 
The sample is irradiated with monochromatic light from a laser. Most of the beam that is scattered by the 
sample is unchanged, but a very small proportion excites molecular vibration within the sample, with the 
result that this small proportion of the scattered light has lost energy and is therefore scattered with a 
slightly longer wavelength. The vibrational energy can also be surrendered to the excitation beam, so there 
is also a weak signal with a slightly reduced wavelength. The change in wavelength, or shift, is small, 
typically 1% or so (Flewitt and Wild, 2003). Because the signal is relatively weak and close in wavelength to 
the excitation source, detection and processing require sophisticated instrumentation. 
 
3.6.3 Spectral output from Raman microscopy 
Raman produces a spectrum showing intensity peaks plotted against the wavelength shift in wavenumbers 
(cm-1). Spectra can be compared to known or expected spectra for a simple qualitative assessment of the 
sample, or detailed quantitative peak fitting can yield specific quantitative information. 
For high quality, high purity diamond a single narrow Raman peak at 1332 cm-1 is expected, so it is relatively 
straightforward to check for this and other peaks.  
 
3.6.4 Artefacts in Raman microscopy 
The 532 nm source does tend to excite a photoluminescent background signal from the sample. This has 
been removed from each spectrum to aid comparison. The sensitivity of the detection system means that 
noise spikes are sometimes seen in the spectra. These can be caused by cosmic rays hitting the detector 
and are usually very narrow compared with signal peaks. 
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3.6.5 Raman microscopy summary 
Raman microscopy has been employed to provide, in the first instance, a simple qualitative comparison of 
material quality between the samples. The best quality sp3 material should yield a single narrow peak at 
1332 cm-1. 
 
3.7 Conclusions 
Five main techniques were used to characterise CVD diamond samples from different manufacturers: WLI, 
AFM, SEM, LSCM and laser Raman microscopy. The purpose was to identify physical characteristics and 
differences between samples from different manufacturers, and to identify the nucleation and growth 
surfaces of the samples. As discussed in Chapter 2, a number of physical characteristics have been shown to 
correlate to thermal conductivity. 
WLI is a rapid surface profiling technique with excellent vertical resolution but limited lateral resolution. 
Artefacts at steps and edges are an intrinsic feature of this technique and must be considered. AFM is 
another surface profiling technique with excellent vertical and lateral resolution. Scanning artefacts are 
common but can usually be identified and removed by processing of the data. AFM does not have the 
intrinsic optical artefacts that WLI has, but surface form is not always well represented. SEM gives 
photograph-like representations of the samples with a good representation of depth and high resolution 
and is generally easy to interpret. LSCM proved a challenging technique, but it does reveal some sub-
surface features in the CVD diamond samples. The large array of acquisition variables mean that direct 
comparisons between different samples may not always be meaningful, and firm conclusions as the nature 
of observed sub-surface features are not always possible. Raman provides a simple comparative technique 
to qualitatively assess quality of the diamond material, with the option of extracting quantitative 
information from the data. 
A variety of techniques has been employed, with some overlap in the information yielded. WLI gives less 
lateral resolution than AFM, but its speed and availability on-site made it a useful technique for identifying 
nucleation and growth sides of CVD diamond, and for mapping surface voids. Chapter 2 discussed how 
voids could be associated with regions of lower thermal conductivity (Verhoeven et al., 1996). However, 
artefacts from WLI mean that the fine detail of voids is better revealed by SEM. LSCM non-destructively 
revealed sub-surface features that are likely to affect thermal performance (Chapter 4). Raman can indicate 
compositional differences in the samples. Impurities have been shown to reduce thermal conductivity. 
Impurities constitute defects, which have been shown to affect thermal properties (Graebner et al., 1994). 
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4. Characterisation of CVD diamond 
4.1 Introduction 
This chapter will present the results of the characterisation of CVD diamond samples by the techniques 
discussed in Chapter 3: white light interferometry (WLI), atomic force microscopy (AFM), scanning electron 
microscopy (SEM), laser scanning confocal microscopy (LSCM) and laser Raman microscopy. The samples 
include examples from different manufacturers and different grades of CVD diamond from the same 
manufacturer. All samples are polycrystalline, with a nominal diameter of 5 mm and a nominal thickness of 
250 µm. A summary of the different samples is given in Table 4.1. 
 
Table 4.1: A summary of the CVD diamond samples examined here. 
 
Manufacturer 
 
Grade 
 
1Stated k / W m-1 K-1 
Data 
supplied 
Surface finish Defects 
Nucleation Growth 
Hebei Thermal 1200-1800 No Polished Polished Numerous voids, angular and 
botryoidal, and circular clusters. 
 
Hebei Optical Not stated - Unpolished Polished Angular voids, mainly in growth 
face 
 
Diamond 
Materials 
Not 
graded 
> 1800 Yes Polished Unpolished Circular clusters of voids 
 
 
II-VI Optical > 1800 (up to > 
2200, on request) 
Yes Polished or 
unpolished 
Polished or 
unpolished 
Angular voids, mainly in growth 
face. Horizontal reflective layer 
halfway down. 
1k is thermal conductivity. 
 
 
Based on quotations and purchases over time, the unit cost of the samples with the dimensions outlined 
above range from around £30 each to around £120 each, typically for batch quantities 10 to 30 pieces. 
Based on the limited sample numbers available, samples are described as polished or unpolished on each 
face. The faces of II-VI were polished on some samples and unpolished on others. 
Two grades of CVD diamond from Hebei were examined, thermal and optical (Figure 4.1). Generally, 
diamonds sold as optical grade are the most optically clear, while those sold as thermal and other grades 
might be material that lacks the optical clarity to be considered as optical grade. Good optical clarity 
indicates low levels of impurities and microstructural defects, and is positively correlated to thermal 
conductivity (Graebner, 1995). It follows that optical grade will tend to have higher thermal conductivity 
than thermal grade, despite the designation. 
Several of the techniques allow the nucleation surface of the samples to be distinguished from the growth 
surface based on crystal grain size. This is most rapidly and conveniently achieved by WLI, but AFM and 
SEM techniques can also facilitate this. We will see in Chapter 5 that differences in thermal properties 
between the two faces might have important implications in the deployment of CVD diamonds as a heat 
spreader. The surface grain structure will be seen to differ between manufacturers, but variety will also be 
present in same-grade samples from the same manufacturer. 
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Sample ø 5 mm 
Figure 4.1: CVD diamond samples supplied by Hebei – thermal (left) and optical (right). 
 
LSCM will be seen to be a technique that is capable of revealing the internal grain structure of CVD 
diamond, and examples of competitive grain growth, as described in Chapter 2, are presented. Samples 
from II-VI will be seen to have a highly reflective internal surface that is interpreted as evidence of a two-
stage CVD growth process. 
Some of the CVD diamond samples have voids at the surface, and some have marks that are probably 
scratches from polishing. These are reported by WLI, AFM and LSCM, but the internal surfaces of voids are 
often best observed by SEM. Consideration is given as to whether the surface voids are a result of polishing 
damage or artefacts of the CVD growth process. Examples will be presented of discrete, highly reflective 
sub-surface features, revealed by LSCM, that may indicate internal voids. 
Internal microstructure could have usefully been further examined by SEM after cross-sectioning, either by 
fracturing or focussed ion beam milling, but these are destructive techniques and were not pursued 
because of limited sample numbers.  
 
4.2 CVD diamond characterisation results 
4.2.1 Identification of nucleation and growth surfaces 
Competitive grain growth in the CVD process, described in Chapter 2, leads to larger grains growing at the 
expense of smaller grains. The result is that grain size in the younger growth surface is usually much larger 
than in the older nucleation surface. This can be seen by AFM, LSCM and SEM, but is most easily observed 
by WLI. The grain size of the nucleation face is often too small or indistinct to be easily discerned, while the 
growth face has much larger grains, which may have sharp and angular edges, or more diffuse transitions, 
depending on the degree of polishing (Figure 4.2). The nucleation faces here have grain structure that is too 
small to be easily seen. The growth side of the Hebei sample has grains that are less distinct than those of 
the Diamond Materials growth face, though polishing marks are not apparent in this scan. 
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Figure 4.2: WLI scans (5x objective) of nucleation (left) and growth (right) faces from Hebei thermal grade 
(top row) and Diamond Materials (bottom row). All scans have the same vertical and horizontal scale. 
 
It is generally straightforward to distinguish growth and nucleation faces from WLI scans, as the difference 
in grain size on the two faces of any one sample is usually readily apparent. However, the nucleation faces 
of samples from different suppliers may appear very different (Figure 4.3).  Even at higher magnification 
(than Figure 4.2), the grains of the Diamond Materials nucleation face are not discernible. By contrast, the 
II-VI sample has sharply distinct grains with fine features such as crystal twinning apparent. There are no 
obvious signs of polishing in either scan. 
The growth faces of samples from different suppliers can also show differences (Figure 4.4). This particular 
growth face from Diamond Materials has large, sharply delineated grains with details of the crystal, such as 
twinning showing. A small number of voids are present, some at grain boundaries, others within the grain. 
There are no obvious signs of polishing. In the II-VI growth face, the grain boundaries are more diffuse. The 
many grooves that run from top left to lower right are a clear sign of a polishing process. The profile line 
below each scan confirms that the grain boundaries of the Diamond Materials sample are more of a distinct 
step, while those for the II-VI blend into the slope. Peak-to-valley and roughness parameters reflect this. 
The maximum peak-to-valley magnitude is similar in each at around 0.02 µm. The mean roughness 
parameters for the two profiles differ by an order of magnitude at Ra = 0.0041 µm (Diamond Materials) and 
Ra = 0.0009 µm (II-VI). This reflects the observation that the profile of the Diamond Materials sample is 
largely either high or low, with only sharp transitions where the profile is neither high nor low. The profile 
of the II-VI sample has smooth transitions from high to low, meaning many more data points occupy the 
middle ground, giving the lower Ra parameter. 
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Figure 4.3: WLI scans (50x objective) of the nucleation faces of samples from Diamond Materials (left) and 
II-VI (right). 
 
 
           
Figure 4.4: WLI scans (50x objective) of CVD diamond growth faces from Diamond Materials (left) and II-VI 
(right). 
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Differences between the suppliers would not necessarily be a reliable way to identify or characterise 
suppliers, as the variation from individual suppliers can itself be considerable (Figure 4.5). In the left image, 
grains are strongly delineated by height differences. The highest grain to the lowest in the scan shows a 
height difference of around 50-60 nm; there are no polishing marks and few voids. In the other scans the 
height differences between grains are less than 10 nm. The centre image has some polishing scratches, 
mainly from lower left to upper right. The right image has many polishing marks angled from upper left to 
lower right. The number of voids in the samples appears to correlate positively with the number of 
polishing marks. 
Figure 4.5:  AFM scans of growth faces from three different CVD diamond samples, all supplied by II-VI. 
Images have the same lateral scales, but height scales (in nm) are different. 
 
The Hebei optical samples examined had a nucleation face with the grain structure very well defined, and 
with a variety of patterns of fine ridges and bumps within the grain boundaries (Figure 4.6). There was no 
evidence of polishing, and the areas examined were almost entirely free of the voids that are seen in many 
of the other samples. One sub-micron void is visible at top right of the second image. It is quite possible 
that the observed pattern of grain shapes and patterns is a direct impression of the pattern on the 
substrate on which the CVD diamond was grown. This patterning might also contain features not present in 
the substrate, features that instead are a result of the nucleation process of the CVD growth of the 
material. The nucleation faces of the CVD diamonds supplied by II-VI showed a similar pattern of apparently 
unpolished grains with perhaps a greater variety of textures than the Hebei samples (Figure 4.3, above). 
Again, there were a limited number of voids in these nucleation surfaces. 
 
4.2.2 Surface voids and damage 
The growth faces of the Hebei optical samples gave a stark contrast to the nucleation faces. The surface 
exhibited many polishing marks and numerous voids (Figure 4.7). The presence of voids in CVD diamond 
after polishing with 70 µm grit size has been noted (Roy et al., 2018), though causation was not established. 
Refer back also to the apparent correlation of numbers polishing marks and numbers of voids (Figure 4.5, 
above). Grinding damage, including plucking out of grains, is known to occur in ceramics other than CVD 
diamond (Canneto et al., 2016). Both faces of the Hebei thermal samples showed extensive polishing marks 
and numerous voids (Figure 4.8). Distinguishing the nucleation and growth faces was somewhat less 
straightforward on the basis of these scans, but notice that in the growth face, voids are clustered around 
grain boundaries while there are fewer voids in the grain central region. This is less apparent in the 
nucleation face as the grain boundaries have less separation between them. Surface voids are likely to 
affect the cooling of an anode film if the applied film is suspended across the void with limited physical 
contact to its internal surfaces. 
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Figure 4.6: AFM scans from the nucleation face of a Hebei optical sample. 
 
 
 
 
 
Figure 4.7: AFM scan of the growth face of a Hebei optical CVD diamond sample 
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Figure 4.8: AFM scans of the nucleation face (left) and growth face (right) of a Hebei thermal sample. 
 
The surface voids could be damage from grinding or polishing of the CVD diamond, or they could be the 
result of a failure of the growing grains to totally fill the volume. Many of the surface voids observed have 
angular internal structure and sharp edges (Figure 4.9), suggesting damage by a fracture process, consistent 
with grinding damage. The internal surfaces sometimes have the appearance of a conchoidal fracture.  
   
 
Figure 4.9: SEM images of surface voids in the growth faces of a II-VI sample (left) and a Hebei optical 
sample (right). Scale bar is row of dots at bottom right. 
 
Surface voids are often associated with grain boundaries. Some CVD diamond grains are more resistant to 
abrasion, dependent –among other things– on the lattice orientation relative to both the surface and to the 
direction of grinding (Uddin, 2004). Grains that are more resistant to abrasion show fewer polishing marks 
and remain proud of the surface (Figure 4.5, right image). Polishing scratches that change abruptly at a 
grain boundary (Figure 4.10) are suggestive of a sudden change of resistance from the CVD diamond 
material to the polishing medium. Such interactions could contribute to a mechanism for damage at grain 
boundaries during polishing or grinding. Instances have been observed of polishing scratches that appear to 
terminate at voids at grain boundaries, but causation cannot be inferred from this as the voids might by 
chance be sited where the polishing scratch ends. 
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Figure 4.10: SEM image of polishing scratches in the growth surface of a Hebei thermal CVD diamond 
sample. Scale bar is row of dots at bottom right. 
 
Voids have been observed in samples from Hebei whose internal surface is more botryoidal rather than 
angular, and with fewer sharp edges than seen in other voids (Figure 4.11). This could be evidence that the 
existence of the void was, at least in part, the result of incomplete growth. Mechanisms for impeded 
growth might be non-sp3 bonding such as cross-linked C-C bonds (May, 2010), or contamination of the 
substrate or the growing CVD diamond. Growth-related voids or weaknesses might be worsened or 
revealed mechanically by the polishing process. Small voids can be observed in apparently unpolished faces 
(Figure 4.12, also Figures 4.2, 4.3, 4.4, 4.5 and 4.6) and are likely to be examples of artefacts of the growth 
process. These are often, but not exclusively, found at grain boundaries. 
 
 
 
Figure 4.11: SEM images of voids in the nucleation face of a Hebei thermal CVD diamond sample. (Images 
acquired by Xian Zhang, Dept. of Chemistry, University of Bristol).  
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Figure 4.12: AFM scan of the nucleation face of a II-VI CVD diamond sample 
 
 
Nearly circular clusters of voids were observed in CVD diamond samples from both Hebei (thermal) and 
Diamond Materials (Figure 4.2). These do not appear to be related to polishing or to be associated with 
grain boundaries. The near-circular shape of the clusters and the local density of these voids strongly 
suggests a local impairment of growth by contamination or some other localised phenomenon. 
 
4.2.3 Sub-surface features 
It is possible that removal of surface material from the CVD diamond samples by polishing or grinding is 
revealing or opening up pre-existing sub-surface voids. If this were occurring, there would be voids that had 
sub-surface lateral dimensions that were larger than the lateral dimensions of the opening at the surface; 
that is, the void gets larger with depth. Attempts to identify such voids using LSCM to image the subsurface 
portions of voids were inconclusive. Some apparent increases in void size with depth were difficult to 
separate from apparent enlargement due to shadowing and diffraction effects. 
Discrete features within the bulk, highly reflective relative to the material around them, have been 
identified in CVD diamond using LSCM (Figure 4.13). The first image (grey background), shows many voids 
on the growth surface (at the bottom), but also a number of discrete reflective features within the bulk. In 
the second image (blue background) the scan has been halted so as to avoid the surface voids, but many 
discrete reflective features were captured in the bulk material. The high reflectivity of these features 
suggested a large difference in their refractive indices compared with the bulk, as is the case for the surface 
voids. This suggests that the bulk features may well be voids, with the high contrast provided by the 
presence of air or the CVD feed gas in the cavities. 
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Figure 4.13: Image stacks from Hebei thermal samples, acquired using LSCM and rendered as three-
dimensional intensity maps. 
 
A group of such features was captured by LSCM in the bulk of a II-VI sample (Figure 4.14). The two largest 
features have a similar shape, linear but with a kink near the top. When lined up in line-of-sight (third 
image), they are closely superimposed. This suggests that they are both associated with the same surface of 
a diamond grain, and are aligned to the shape of that surface. An estimate of the sum of their volumes was 
made by thresholding the image stack to give a binary stack, then applying the ‘Volume Calculator’ ImageJ 
plug-in. The resulting estimate of the summed volume was 84.8 µm3 (Figure 4.15). 
 
 
Figure 4.14: A group of discrete features in the bulk of a II-VI CVD diamond sample. The first image is a 
maximum intensity image of the group, integrated over the image stack. The other two images (blue 
background) are two different views of the features rendered into three-dimensions. 
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Figure 4.15: Estimates of volumes of the individual void clusters, with uncertainties estimated at ±50%. 
 
The process of thresholding the images for the purposes of volume estimation has a certain amount of 
subjectivity, and the results are visibly different. Using different methods for achieving the binary images 
and using different (but reasonable) values for the thresholding, results achieved suggest that an 
uncertainty estimate of around ±50% would be appropriate. This could be further confounded by the range 
of acquisition parameters employed. Transparency and colour variations between samples mean that 
different laser intensities were chosen, and there was also the choice of two laser wavelengths. As 
discussed in Chapter 3, some scans were acquired with a depth-dependent intensity adjustment to attempt 
to compensate for attenuation at depth in the sample. If this method were to be employed as a 
comparative characterisation technique for diamond samples, a protocol would need to be carefully 
constructed for acquisition and analysis to allow meaningful comparisons. Even the rendering of three-
dimensional intensity maps so that the features are distinct from the background requires different 
contrast and threshold parameters for each stack, so the use of these visualisations as a descriptive tool 
should itself be interpreted with caution.  
LSCM could also reveal the sub-surface grain structure of the CVD diamond samples, and, in some cases, 
the growth progress of a particular grain or set of grains can be tracked through the depth. This is 
equivalent to observing the changes in the grain(s) over time, with the nucleation face being the oldest and 
the growth face being the most recent. It is possible to see the difference in grain size between two depths 
(Figure 4.16). The large central grain near the top (arrowed) is visibly larger and has a slightly altered shape 
50 µm higher up the sample.  
 
Cluster Volume / µm3 
A 10.0 
B   0.8 
C 27.7 
D   4.1 
E 42.2 
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Figure 4.16: LSCM images acquired at the same location on a II-VI sample (viewed from the growth 
surface), but from different focal planes, the left image being 50 µm deeper than the right image. 
 
 
Competitive grain growth can be observed, where some grains grow outwards as they grow upwards, at 
the expense of other grains that diminish in lateral size, or even disappear, as they grow taller (Figure 4.17). 
Here, in the first image (183 µm depth), the two dark grains (arrowed) have a third grain separating them. 
In the middle image (143 µm depth) the grains are larger and the grain between them is diminished in size. 
In the third image (101 µm depth), the two growing grains have met where the third grain used to be, and 
the third grain has either stopped growing or has been subsumed by an adjacent grain. 
 
 
 
Figure 4.17: LSCM images acquired at the same location on a II-VI sample (viewed from the growth 
surface), but from different focal planes, the depths from left to right being 183 µm, 143 µm and 101 µm. 
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LSCM also revealed a sub-surface feature that was only present in the II-VI samples. Approximately at the 
depth midpoint was a continuous horizontal layer with high reflectivity relative to the bulk (Figure 4.18). 
The subsurface layer is the one approximately at the midpoint of the height scale, with the bright edges. 
The top surface of the sample is imaged at the top of the volume, and traces of the bottom surface are 
imaged at the bottom of the volume. The apparent thickness of the layer is thought to be an artefact. The 
surface has its own pattern of light and dark contrast, and its own assemblage of cracks and small voids.  
 
 
Figure 4.18:  A volume of a CVD diamond sample from II-VI, captured by LSCM and rendered in three 
dimensions, including the reflective top surface and extending down to just short of the bottom surface. 
The reflective sub-surface layer is in the centre of the image. 
 
A similar sub-surface layer from another II-VI sample likewise has a distinct pattern of diffuse dark regions 
(Figure 4.19, left), rendered more visible by excluding the top and bottom surfaces from the range of the 
scan. Superimposing the pattern of cracks and voids captured from a separate scan of the top surface 
(coloured red, Figure 4.19, right), reveals that only a few of the dark regions are shadows from the top 
surface. This suggests that some of the dark features belong to the sub-surface reflective layer, though 
some may be shadows from other features between the top layer and the reflective sub-surface layer. 
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Figure 4.19: A volume of a II-VI sample (left), and the LSCM scan of the sub-surface layer with the voids and 
pores from the top surface superimposed in red. 
 
 
Images from the top and bottom surfaces of a II-VI sample, along with an image of the sub-surface layer, 
were filtered to remove most of the diffuse dark regions to make the smaller sharply focussed features, 
such as cracks and pores, more visible (Figure 4.20). Each of the three surfaces can be seen to have its own 
distinct assemblage of small cracks, voids and blemishes, apparently unrelated to those in the other 
surfaces. 
The reflective sub-surface layer is interpreted as evidence of a two-stage CVD growth process for the II-VI 
samples, in which the CVD growth was halted temporarily, then started again with the new material 
nucleating on the temporary surface and completing the growth. The temporary surface is sufficiently 
altered during or after the hiatus that it remains distinct from the material above and below it, distinct 
enough that it is highly reflective. Perhaps the dangling bonds of the surface retain disproportionately the 
caretaker hydrogen species from the CVD growth process (discussed in Chapter 2). Alternatively, it is 
possible that the surface was exposed to air and retains a high concentration of nitrogen defects, or the re-
nucleation process may have left a less-than-perfect lattice continuity at this layer. The reason for the break 
in the process might be to change the feed gas supply, or it might simply be a matter of logistics, such as 
not wishing to leave an unattended process running overnight. 
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Figure 4.20: Images from the top face (top image), sub-surface (middle image) and bottom surface (bottom 
image) of a II-VI CVD diamond sample. All have been filtered to reduce the visibility of diffuse features and 
enhance the visibility of sharply focussed features. 
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Three images were captured of (i) the grain structure from just below the sub-surface layer, (ii) just above 
the sub-surface layer and (iii) nearer the top surface (Figure 4.21). In the first image, a large rectangular 
grain is growing as it approaches the position that will form the sub-surface layer. In the second image, two 
daughter grains have nucleated on the pre-existing grain in the temporary surface. In the third image, the 
two new grains have grown and apparently merged. 
Material in the sub-surface nucleation region is likely to have lower thermal conductivity than that of the 
growth surface beneath it and the growth surface above it (Graebner et al., 1992a). A continuous region of 
lower thermal conductivity such as this could affect performance of the II-VI samples as heat spreaders. 
However, the optical clarity of these samples suggests overall high quality material, as does the Raman 
analysis (section 4.2.4).  
 
Figure 4.21: LSCM images of the grain structure of a II-VI CVD diamond sample, at depth below growth 
surface 184 µm (left), 116 µm (middle) and 101 µm (right). 
 
A difference in performance might be expected between the Hebei thermal and the Hebei optical. The 
Hebei optical has better optical clarity, a sign of lower impurity levels. Voids are found in both Hebei 
grades, but surface voids are more numerous in the thermal grade. The nucleation face of the optical grade 
is almost void-free. Voids may directly affect performance or may be a predictor of inferior thermal 
properties. Microfeature density has been shown to correlate with optical absorption (Mollart et al., 2003), 
which has itself been negatively correlated with thermal conductivity (Graebner, 1995). To demonstrate a 
correlation involving microfeatures, an objective measure of the microfeature presence must be made. In 
the example above, area coverage was measured in a digitised optical image then divided by sample 
thickness to give the microfeature density (Mollart et al., 2003). Local thermal diffusivity has been shown to 
be 35% lower than the bulk in the vicinity of defects such as voids (Verhoeven et al., 1996). Local density 
was reduced by several per cent due to voids, which is likely to contribute to lower thermal conductivity 
near the surface (Graebner, Mucha and Baiocchi. 1996).  
The localised void clusters that were seen on samples from different manufacturers could indicate localised 
material differences, so that local cooling might be impaired if used as a heat spreader. 
Grain-sized voids at the nucleation and growth surfaces of CVD diamond dictate the rupture strength of 
CVD diamond (Pickles, 2002). These voids are usually from the growth process rather than surface 
processing, but processing can be deleterious for the strength of diamond (Balmer et al., 2009). Diamond 
strength may be important even in thermal applications, as the material must withstand manufacturing 
process such as brazing to a substrate such as copper with significantly higher coefficient of expansion. 
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4.2.4 Diamond quality 
Hebei thermal, Hebei optical and II-VI samples all yielded a narrow Raman peak at 1332 cm-1 (Figure 4.22). 
The background photoluminescence is higher in the Hebei thermal grade material than in the Hebei optical 
grade or the II-VI samples. There are broader peaks elsewhere in some of the spectra. 
 
 
Figure 4.22: The Raman spectra as acquired from the Hebei and II-VI samples. One scan was taken from the 
inner surface of a void. Side 1 is the nucleation face, side 2 is the growth face. 
 
 
Removal of the background from the spectra reveals broad peaks at around 1430 cm-1 and 3165 cm-1 in all 
samples, and at around 2600 cm-1 in the Hebei thermal sample (Figure 4.23). No obvious differences were 
apparent between the nucleation and growth faces of the samples. The inner surface of the void appears to 
have a sharp peak at 2445 cm-1. Other very narrow peaks at 2600 cm-1 (Hebei void), 2960 cm-1 (Hebei 
optical) and 3020 cm-1 (II-VI) are probably noise spikes from cosmic ray strikes and are disregarded. 
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Figure 4.23: The Raman spectra with photoluminescence backgrounds removed. 
 
It has not been possible to assign the non-diamond other peaks with any degree of confidence. The peaks 
do not match those expected for the carbides of commonly used substrate materials such as silicon, 
tungsten, molybdenum or cobalt. Metallic materials do not have Raman spectra, as metallic bonding does 
not produce discrete peaks. Mo2C might be expected to have peaks at 778 cm-1 and 945 cm-1 (Chen et al., 
2016), SiC would show peaks at 775 cm-1, 800 cm-1 and 980 cm-1 (Borowicz,  Gutt & Malachowski, 2009) and 
WC would show peaks at 685 cm-1 and 805 cm-1 (Mrabet et al., 2009). Neither is there any obvious match 
with impurity peaks that are often found in CVD diamond (Figure 4.24). The broad peak around 1430 cm-1 is 
most prominent in the Hebei thermal sample. It is close to the position of a peak for transpolyacetylene 
(Prawer and Nemanich, 2004), but another peak that would be expected at 1125 cm-1 is not present. It 
might be related to the sp2 peak that sometimes occurs around 1355 cm-1. 
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Figure 4.24: The Raman spectra from the CVD diamond samples, with the positions of peaks from some 
common impurities marked (Prawer and Nemanich, 2004). 
 
The broad peak at around 3150 cm-1 was smallest, relative to the sp3 peak, in the Hebei optical sample and 
the II-VI sample, though it is present in all of the spectra. This might be a peak from the photoluminescence 
spectral region corresponding to around 640 nm. It is not likely to be thermal radiation from heating of the 
diamond by the laser as the wavelength is too short (i.e too hot), so is likely to be an additional 
photoluminescence peak, perhaps indicating an impurity. 
This analysis, having an excitation source wavelength of  532 nm, will have lower sensitivity to non-
diamond carbon components than would Raman with an IR source (Leeds et al., 1998; Prawer and 
Nemanich, 2004). Additionally, the photoluminescent background (absent at longer excitation 
wavelengths) might be obscuring non-diamond peaks. A peak at 1550 cm-1, associated with non-diamond 
carbon, is not apparent in the samples tested here. The ratio of the area of this peak to the characteristic 
diamond peak has been correlated to thermal conductivity (Etz, Wilbur and Feldman, 2001). 
 
  
1
1
2
5
1
4
5
0
1
5
5
0
1
0
0
0
1
5
0
0
2
0
0
0
2
5
0
0
3
0
0
0
3
5
0
0
5
0
0
5
2
0
1
3
3
2
1
3
5
5
S
ili
c
o
n
T
ra
n
s
p
o
ly
a
c
e
ty
le
n
e
T
ra
n
s
p
o
ly
a
c
e
ty
le
n
e
s
p
2
 g
ra
p
h
it
e
 (
G
 p
e
a
k
)
D
ia
m
o
n
d
s
p
2
 a
m
o
rp
h
o
u
s
 c
a
rb
o
n
 (
D
 p
e
a
k
)
Wavenumber / cm-1
 II-VI#10 side 1
 II-VI#10 side 2
 Heb opt2 side 1
 Heb opt2 side 2
 Heb T1 side 1
 Heb T1 side 1 (2)
 Heb T1 side 2
 Heb T1 side 2 (2)
 Heb T1 side 2 void
500 cm-1
50000 a.u.
EngD programme: MiNMaT 
URN: 6287959 
 
61 
4.3 Conclusions 
The nucleation and growth faces of CVD diamond samples can usually be readily identified by WLI scan on 
the basis of grain size. The nucleation face has smaller grains than the growth face, and the grains of the 
nucleation face are sometimes too small or indistinct as to be discerned individually. All the techniques are 
capable in most cases of distinguishing the nucleation and growth faces, but WLI is the quickest and most 
convenient. Grains tend to be less distinct in cases where there are signs of polishing or grinding. The 
material at the growth surface is likely to have greater thermal conductivity than that at the nucleation 
surface. Hebei thermal samples are polished on both faces, whereas the Hebei optical samples examined 
were only polished on the growth face. II-VI samples showed both polished and unpolished nucleation and 
growth faces. This apparent inconsistency may have been the manifestation of some surface roughness 
criteria being met that precluded the need for polishing. 
AFM also allows identification of the nucleation and growth faces, though it is less rapid than WLI. It also 
reveals much finer detail in the grains. Texture in some apparently unpolished grains may represent an 
impression from the growth substrate material. Variations in grain size and degree of polishing between 
samples from the same supplier is considerable so that reliable supplier identification from the surface 
profile is not possible. 
Both WLI and AFM show that certain grains are less affected by polishing marks than others, and that the 
degree of apparent polishing seems correlated to the number of surface voids. SEM reveals polishing marks 
that stop abruptly at grain boundaries. This suggests that the polishing medium would have experienced 
sudden changes in resistance as it traversed the surface. This could be a reason that many surface voids are 
at grain boundaries. Both faces of Hebei thermal grains contain numerous voids. In Hebei optical samples, 
the unpolished nucleation face was relatively free of voids, but voids with a lateral dimension 10 µm or 
more are present in the polished growth face. 
SEM reveals the internal surfaces of voids. For Hebei optical and II-VI, these surfaces are mainly steep and 
angular, with evidence of conchoidal fracture, and the edges of the voids are sharp. This is consistent with 
fracture damage from the polishing process. Some voids, particularly in both faces of the Hebei thermal 
material, are less angular and their internal surfaces have a more botryoidal form. This may suggest that 
the void is, at least in part, the result of an incomplete grain growth process. The presence of voids in 
apparently unpolished surfaces supports the idea that some voids may be the result of incomplete growth. 
Some surface voids are clustered to form a circular pattern that suggests growth was affected by 
contamination or some other localised factor. These clusters were seen in the II-VI, Hebei thermal and 
Diamond Materials samples, and were not confined to either the nucleation or growth faces.  
The effect of surface voids on anode performance is not known. If the anode coating did not conform well 
to the inner surface of voids such that thermal contact was poor, then a localised heat spot could occur if 
the electron beam is delivered to that location. Surface voids could act as sites where brittle failure initiates 
under tensile stress. 
LSCM reveals discrete, highly reflective features beneath the surface of the CVD diamond samples. These, 
along with surface voids, are most numerous in thermal material from Hebei. The high reflectivity of these 
features suggests that they are sub-surface voids. These can only be from the growth process and are not 
related to polishing. Surface polishing might have revealed some of these previously sub-surface voids in 
the form of surface voids. Sub-surface voids are considered unlikely to directly affect thermal conductivity 
as their volume fraction is small. They might, however, be a more general indicator that the quality of the 
material is lower. 
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The continuous sub-surface reflective layer revealed by LSCM in the II-VI samples is thought to be evidence 
of a pause in the CVD growth process, with a corresponding re-nucleation on the uppermost surface. This is 
likely to be a region of lower thermal conductivity, as material at the nucleation surface has lower thermal 
conductivity than that at the growth surface (Graebner et al., 1992a). A continuous band of poorly 
conducting material might be expected to affect the performance of these samples as heat spreaders, but 
modelling suggests that low thermal conductivity in regions not in contact with the anode film do not 
necessarily have a large impact on thermal performance (Chapter 5). 
If the Hebei thermal samples have higher impurity levels than the other materials, as suggested by the 
Raman microscopy, this would be expected to adversely affect the CTC of the material. Non-diamond peaks 
were significantly smaller for the II-VI and Hebei optical, suggesting higher quality material. Diamond 
Materials samples were not tested. 
A difference in heat spreading effectiveness might exist between the manufacturers or between CVD 
diamond grades based on observed differences, but a significant difference is also likely between the 
nucleation and growth sides of any of the manufacturers. There may also be variations locally within a 
sample, for example where there are clusters of voids from the growth process. 
The Hebei thermal grade is sometimes used by Torr Scientific as an inexpensive, functional heat spreader. It 
has good robustness to withstand manufacturing processes such as brazing. Where surface voids are 
undesirable or optical clarity is required, or where the customer has specific requirements, an optical grade 
material might be used.  
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5. Finite element analysis of X-ray anode with and without diamond heat spreader 
5. 1 Introduction 
As discussed in Chapter 2, for XPS, it is often advantageous to have as high an X-ray flux as possible from a 
spot on the X-ray anode that is as small as possible. High X-ray flux gives a better signal-to-noise ratio and 
shorter analysis times. A small spot on the anode can be focussed to a small spot on the sample to give 
better spatial resolution. The limiting factor in achieving this is the heating of the anode material by the 
electron beam. For this reason, anodes in XPS are usually water cooled. Additionally, the anode film can be 
applied onto a diamond heat spreader to aid dispersal of heat away from the hottest region. High purity 
gemstone diamond generally has the best thermal conductivity. The diamond for this component will 
usually be CVD diamond, as this material has some of the superior thermal properties of gemstone 
diamond at a fraction of the cost. 
This chapter will describe thermal analysis of a representative model of a water-cooled, copper-bodied XPS 
anode with a CVD diamond heat spreader (Stupple et al., 2018). The CVD diamond will have temperature-
dependent coefficient of thermal conduction (CTC), and the heat from the electron beam will be delivered 
to the anode film throughout the appropriate depth to simulate realistic electron penetration. A 
comparison analysis is described for an equivalent anode without the diamond heat spreader, and another 
for an anode which has a through-hole in the copper body such that the cooling water flows directly over 
the back (non-anode) face of the diamond and cools it directly; this is usually assumed to provide more 
efficient cooling than having the diamond simply recessed into the copper with the water cooling the 
copper. A sensitivity analysis is described that explores the effects of dimensional changes to the anode 
design. This allows identification of design choices that have the biggest effect on the temperature of the 
anode. Another sensitivity analysis is described that considers the effects of changes to the thermal 
properties of the materials, along with some of the assumptions of the analysis. This will allow 
identification of those components for which variations in material quality could affect cooling. It also 
allows consideration of the potential effect on cooling of different material choices. Analysis of the steady-
state heat flux in the model will give deeper understanding of anode cooling performance and provide 
insights into anode design. 
The model will be adapted to incorporate the inhomogeneity and orthotropicity of the CTC of 
polycrystalline CVD diamond (Graebner et al., 1992a) that were discussed in Chapter 2. Inhomogeneity 
means that the CTC varies with depth; specifically, CTC is lower at the nucleation face than at the growth 
face. Orthotropicity means that CTC varies within the material depending on direction; specifically, CTC is 
lower in-plane (parallel to the growth and nucleation faces) than it is through-plane (perpendicular to the 
growth and nucleation faces). A comparison will be made between the performance of this CVD diamond 
with the complex CTC and the isotropic material. The effects of having the diamond in each of two 
orientations will be made, with the nucleation face outwards and with the growth face outwards. 
Interface thermal resistance (discussed in section 2.3.6) is not included in this model. One interface that 
could potentially be affected by this phenomenon is the chromium-diamond interface. A relatively thin 
(around 200 nm) layer of Cr is applied to the CVD diamond prior to aluminium coating to aid adhesion, but 
this may also enhance heat dissipation, even though Cr has lower CTC than Al. Research into the interface 
thermal resistance at the interface of CVD diamond with several different transition metals (Cu, Cr, Nb, Mo 
and W) suggests that Cr-diamond has the least thermal resistance, being 325±55 MW m-2 K-1 (expressed 
here as thermal boundary conductance), but only when the diamond surface was plasma treated prior to 
coating with the Cr (Monachon and Weber,  2012). 
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Numerical methods have been used to model the distribution of heat applied to the surface of a cylindrical 
diamond heat spreader on a semi-infinite copper substrate, concluding that the temperature attained was 
highly sensitive to the radius of the heat spreader, but beyond a certain radius there is little additional 
reduction in temperature (Hui and Tan, 1994). Finite element analysis (FEA) has been used to analyse stress 
in a revolving X-ray anode during heating and cooling, again with the electron beam heat source applied at 
the surface (Plankensteiner and Rödhammer, 2017). Monte Carlo  analysis was used to simulate sub-
surface heat delivery by electrons, informing subsequent numerical analysis of the heat flow 
(Fisher, Walker and Weller, 2003). FEA of heat sinks on laser diodes has shown the superior performance of 
diamond over aluminium nitride heat spreaders (Labudovic and Burka, 2003). The detailed grain structure 
of CVD diamond was incorporated into a finite element model and compared to experimental 
measurements to investigate the effect of grain size on thermal performance (Simon et al., 2016). 
The current analysis combines for the first time the complex CTC of polycrystalline CVD diamond, including 
inhomogeneity, orthotropicity and temperature-dependence, with sub-surface heat delivery by the 
electron beam. 
 
5.2 FEA model details 
5.2.1. Software packages 
The commercial FEA package Mecway (Mecway, 2017) was used for pre- and post-processing of the model, 
including construction of the mesh and analysis of heat flux. Mecway’s internal solver was used for the 
sensitivity analyses of thermal properties and dimension changes. Calculix Crunchix (CCX) is an open-source 
FEA solver distributed under the GNU General Public Licence version 2 (Dhondt and Wittig, 2016). The 
version used for this work was a build supplied by bConverged (bConverged, 2016). Mecway has its own 
internal solver, but also has an integrated option to use the CCX solver allowing access to many features of 
CCX that are not native to Mecway. Temperature-dependence and orthotropicity of CTC are both available 
in Mecway, but not concurrently, so CCX was used for the analyses that involved both. The input of model 
geometry and constraints to CCX involves a text-based file format, but for many features Mecway 
assembles the required input file so that the user need not even be aware of it. There is some functionality 
in Mecway for appending text to the CCX file where a feature is not otherwise accessible, but for the 
current analysis changes to the CCX file were made manually. For example, some of the CTC parameters 
(those for temperature dependence) for the CVD diamond were entered directly into the CCX input file. 
A software package for Monte Carlo simulation of electron beam interaction with matter, Casino V2.42 
(Drouin et al., 2007), was used to model the vertical delivery of heat in the aluminium film. The electron 
beam diameter, accelerating voltage and the density of the anode material are specified by the user, and a 
three-dimensional array of discretised energy values is returned, each value representing the energy 
delivered to an identical volume of the material. The resolution of this energy distribution was kept at least 
an order of magnitude greater than the resolution of the FEA mesh to allow for the fact that the size of the 
reported volumes could not easily be consistently controlled in the Casino output files.  
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5.2.2 The finite element mesh 
Rather than a circular copper tube with a bevelled tip (Figure 1.4), the anode was modelled as a simple 
square copper tube with a flat tip, facilitating element size grading and preserving symmetry. The model 
represents one quarter of the whole, as it is bounded by two vertical planes of symmetry, across which 
there should be zero net heat transfer. The model consists of a copper tube, an inset CVD diamond piece, a 
braze layer at the diamond-copper interface, an aluminium layer and a chromium adhesion layer at the 
aluminium-diamond interface (Figure 5.1).  
 
 
Figure 5.1: An overview of the mesh used as the basis of the analyses. Colour variations within components 
(e.g. grey/red in aluminium) are visual aids to facilitate the modelling process. 
 
The mesh was constructed manually to ensure controlled and consistent element volumes to facilitate the 
calculations for the heat delivery in the aluminium film. The mesh size is finest at the site of heat delivery. 
This allows greater resolution in the apportioning of the heat delivery within the film. In addition, heat flux 
is greatest in and around the aluminium film, so a finer mesh is required for convergence to a satisfactory 
solution. A coarser mesh is employed away from the heat source, keeping node and elements numbers to a 
manageable level. Excessive numbers of node and element numbers increase the time required to solve the 
model. Manipulation and editing of the model can also be slow and difficult to manage when node and 
element numbers are high. Careful grading of the size of the elements between the smallest and the largest 
ensures vertex-to-vertex contact of elements throughout the mesh. Size grading of elements has been used 
in a (non-thermal) FEA analysis of a thin film on a thicker substrate (Shaffer, 2011), and in the thermal FEA 
on laser diodes (Labudovic and Burka, 2003). 
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In general, elements with aspect ratios greater than 2:1 were avoided as much as was realistically possible, 
but elements of the thin chromium interlayer (beneath the aluminium film) have an aspect ratio of 10:1. 
Although this is in a region where the heat flux will be high, most of the heat flux was thought likely to 
occur along the shorter dimension, so the most severe interpolation occurs over the shorter distance, 
which is acceptable. The aluminium anode film extends laterally to a distance several times the size of the 
heat delivery region. While this distance is usually greater on a real anode, this was limited in the model to 
avoid excessive node numbers. With increasing distance from the heat delivery region, the aspect ratio of 
the aluminium elements becomes quite large (with the vertical aspect being the smaller). These regions 
were not expected to be regions of large heat flux, and their effect on the results was expected to be 
negligible. Quadratic elements are used throughout, having nodes not just at their vertices but also at the 
mid-points of their edges. This allows a quadratic rather than linear interpolation and should help to 
minimise interpolation artefacts caused by large aspect ratios. 
The length of the copper body was chosen to be sufficient that any marginal increase in the length had a 
minimal effect on the model results. If these walls are not long enough in the model, then the cooling may 
not be representative. Solving the model with different wall lengths then extracting the maximum 
temperature attained in the solution shows that beyond 10 mm the effect of extra wall length is reduced to 
around 1 °C per mm (Figure 5.2), and that there is little to be gained by increasing the wall length beyond 
this. 
 
 
Figure 5.2: Maximum temperature attained in the solution as a function of wall length.  
 
5.2.3 The Baseline model: material properties 
A starting point for the sensitivity analyses was a baseline model. The only material properties that need 
assigning are the various coefficients of thermal conduction (CTCs). All materials except the CVD diamond 
were assumed to have CTC values that are independent of temperature. CTC values for elemental materials 
other than CVD diamond were taken from widely available database values. The CTC of the braze material 
between the diamond and the copper is a representative value based on observed published values for 
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different brazes. The values used in the baseline model are listed in Table 5.1. All materials except for the 
sputtered aluminium film are assumed to be fully dense.  
 
Table 5.1: CTC values for the baseline model materials 
Material CTC / W m-1 K-1 Temperature-dependence 
Aluminium 189.6 None 
Chromium 93.7 None 
CVD diamond 2082.4 at 20.9 °C Yes 
Braze 100 None 
Copper 404 None 
 
The density of the sputtered aluminium film was assumed to be 80 % of the bulk density (including for the 
Monte Carlo analysis) and the CTC adjusted to 80% of its listed nominal value accordingly. Good quality 
sputtered metal thin films generally exhibit a columnar microstructure, as shown in the SEM cross-section 
image (Figure 5.3) of a sputtered aluminium film employed in X-ray anodes fabricated at Torr Scientific Ltd. 
It has been shown that for sputtered metal films, in the absence of any applied substrate bias (as in this 
case), the resulting columnar film exhibits a density of 80-90 % of the bulk value (Mattox and Kominiak, 
1972). Hence, taking a value of 80 % density for the aluminium film provides a conservative but realistic 
approximation. A CTC value of 175 W m-1 K-1 was measured for a 90 nm thick layer of aluminium deposited 
on CVD diamond for the purposes of time-domain thermoreflectance measurements (Anaya et al., 2017). 
The temperature-dependent values of the CVD diamond material were extracted from a plot of theoretical 
and experimental values (which were in good agreement) published by a well-established commercial 
supplier of CVD diamond (Diamond Materials, 2014). The room temperature CTC from this source was 
representative of the higher end of the various values claimed by suppliers, and is in broad agreement with 
published experimental values (Sukhadolau et al., 2005). The smooth plot provides an easily extracted and 
modelled range of temperature-dependent CTC values that avoids complications associated with the 
uncertainties and experimental variations of values derived from academic literature. The extracted data 
are, however, in good agreement with the actual experimental values (Wörner et al., 1996). The range of 
the CTC values was extrapolated to just above 660°C (the melting point of aluminium) using an arbitrary 
function that closely describes the downward trend of the CTC decay (Figure 5.4). This covers the range of 
temperatures up to the melting temperature of aluminium, beyond which the model becomes irrelevant. 
Values below 0 °C were not assigned to the FEA model, as these temperatures are also not relevant.  
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Figure 5.3: SEM image of a fracture cross-section of a sputtered aluminium thin film employed in 
commercial X-ray anodes (fabricated at Torr Scientific Ltd.). 
 
 
 
 
 Figure 5.4: A previously published temperature-dependent CTC profile of CVD diamond used in the 
baseline FEA model (Diamond Materials, 2014). The curve has been extrapolated to higher temperatures 
(above 670 °C) to cover the range required in this modelling study. 
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Polycrystalline CVD diamond has been shown to have CTC characteristics that are both inhomogeneous and 
orthotropic (Figure 5.5)  (Graebner et al., 1992a). This is due to microstructural defects (see Chapter 2). The 
inhomogeneity is the decrease in CTC with depth, with the highest CTC near the growth face and the lowest 
CTC near the nucleation face. This inhomogeneity may be referred to as depth variation. The orthotropicity 
is the discrepancy between the through-plane CTC (perpendicular to the growth and nucleation faces) and 
the in-plane CTC, the former being higher. This orthotropicity may be referred to as directional variation. 
In modelling these CTC variations, some simplifying assumptions have been made. The first simplifying 
assumption for the purposes of the FEA model, is that the two curves of Figure 5.5 converge at CVD layer 
thickness values (“distance from bottom” in Figure 5.5) of 0 µm and 250 µm. Consequently, the through-
plane and in-plane CVD diamond CTC values at layer thicknesses of 0 µm and 250 µm are taken in the 
model to be 500 W m-1 K-1 and 2200 W m-1 K-1 respectively. The second simplifying assumption is that the 
depth variation of in-plane CTC was assumed to be linear, although the original authors applied a 
polynomial fit (Figure 5.5, lower curve). Thus, in the model, ‘100% inhomogeneity’ (depth variation) for the 
in-plane CTC was taken as a linear variation in CTC between 500 W m-1 K-1 and 2200 W m-1 K-1 over the 250 
µm thickness of the diamond and ‘0 % inhomogeneity’ was taken as a constant value (2200 W m-1 K-1) over 
the same thickness. An ‘Intermediate homogeneity’ corresponded to variation of the minimum value but 
maintaining a linear change with thickness and a CTC of 2200 W m-1 K-1 at the growth face (250 µm from the 
bottom). The intermediate values will be used to indicate the marginal change in cooling performance 
when the degree of CTC depth variation changes. 
 
 
Figure 5.5: Experimentally derived values for the variation of through-plane CTC (top curve) and 
in-plane CTC (lower curve) (Graebner et al., 1992a). 
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The variation of through-plane CTC with depth was approximated by applying a (four-parameter sigmoidal 
growth) polynomial function which gave the best-fit to the data (Figure 5.5, top curve). The assumed 
maximum and minimum values at 0 µm and 250 µm described above were also included with the 
experimental data (Figure 5.6). With the in-plane CTC varying in a linear fashion, if the variation of the 
through-plane CTC were to vary in the same manner, this would give an isotropic depth variation of the CTC 
within the CVD diamond, with the CTC varying only with thickness. This condition would correspond to ‘0% 
orthotropicity’ (directional variation) (Figure 5.6). However, when the through-plane CTC varies in a 
different manner to the in-plane CTC, this is an orthotropic variation and ‘100% orthotropicity’ then 
corresponds to the through-plane CTC that is given by the best-fit polynomial function to the data of Figure 
5.6.  Intermediate orthotropicity curves between 0% and 100% are also given, by scaling the ratio of the 
through-plane CTC to the in-plane CTC by the same factor throughout the depth.  
The ‘100 % orthotropicity’ (upper thin curve) is the best-fit polynomial function to the experimental data, 
representing the through-plane CTC for a nominal 100 % orthotropicity, with the in-plane CTC following the 
straight line 0 % curve. ‘0 % orthotropicity’ represents the situation where both the through-plane and the 
in-plane CTC follow the straight-line curve. Intermediate degrees of orthotropicity (directional variation) 
are achieved by varying the through-plane CTC values proportionately across the depth range. The 
intermediate values will be used to indicate the marginal change in cooling performance as directional 
variation of CTC changes. 
 
 
Figure 5.6: The through-plane CTC as a function of CVD layer thickness determined for different degrees of 
orthotropicity (directional variation). The modelled data (thick line) represents a combination of 
experimental data (Graebner et al., 1992a) and assumed values for minimum and maximum depth. 
 
CTC values represented by Figure 5.6 were applied to CVD diamond elements in the FEA model based on 
the median (midpoint) depth of those elements. All elements with the same median depth have the same 
CTC properties. This takes no account of the distribution of element volume above and below the median: 
non-symmetrical elements such as pyramids might have more than 50 % of their volume above or below 
the median depth, but, for simplicity, no weighting was applied to the CTC values to account for this. The 
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values for each median depth were taken to represent the room temperature values, then temperature-
dependence of CTC was defined by the function derived from Figure 5.4, and the CTC value assigned to the 
model is shifted accordingly as the local temperature changes. 
 
5.2.4 The Baseline model: loads and constraints 
The only load in this model is the heat from the electron beam. The beam delivers a 20 W load to a nominal 
100 µm diameter circular spot as this is a reasonable and representative combination 
(Thermo Scientific Application Note 31057, 2013; Larson, 1997) and gives steady state temperatures that 
do not exceed the melting points of the model materials, in particular the aluminium. In practice, for 
modern XPS instruments incorporating monochromators, the XPS user may select the X-ray power and spot 
size on the sample that is required for the particular XPS analysis to be performed. The XPS instrument 
manufacturers give guidance to the user on the maximum power that should be selected based on the spot 
size, which will not lead to degradation of the anode, considering the aluminium anode melting point 
(660 °C).  Through the use of the X-ray monochromator, based on Bragg focussing optics, the spot size on 
the sample is generally the same as the electron beam spot size on the X-ray anode. A typical spot size 
selected by the XPS user is 100 µm (giving a good trade-off between photoelectron intensity and spatial 
resolution). For this spot size, using a copper-bodied X-ray anode with no diamond heat spreader (most X-
ray anodes still do not incorporate a diamond heat spreader), a maximum X-ray power of 20 W is 
recommended to the user to avoid damaging the aluminium anode (Theta Probe Operating Manual, 2015).  
Hence, these values for the X-ray anode power and spot size have been applied to our baseline model for 
an anode incorporating the CVD diamond heat spreader. 
The beam intensity varies across its diameter to simulate a typical but idealised electron beam. The 
electron beam is assumed to have an ideal single-mode Gaussian lateral energy distribution and a nominal 
100 µm diameter as defined by the D86, 1/e2 and D4σ definitions (CPW/172, 2005)  —which are equivalent 
in this case– such that the nominal 100 µm diameter contains 86% of the total beam power. A Gaussian 
beam, by definition, is infinite in lateral extent, so an arbitrary outer diameter of 160 µm was imposed, 
leaving just 0.03% of the beam power beyond this diameter. The beam was discretised into 16 bands, each 
of width 5 µm (e.g. red/grey bands in the aluminium, Figure 5.1). Having calculated the energy delivery into 
each band for a nominal 20 W total, the 0.03% of the 20 W that remained unassigned was distributed 
between the 16 bands in proportion to the total energy. This approach to modelling the lateral energy 
intensity provides a good approximation to a perfect Gaussian distribution (Figure 5.7). 
The energy within each of the concentric bands was additionally distributed vertically through the upper 2 
µm (two elements deep) of the aluminium. The data from the Monte Carlo analysis of electron penetration 
was acquired at finer resolution than 1 µm, so summing the energies delivered into the first, second etc. 
µm of the aluminium by the Monte Carlo analysis allowed the energy calculated for the 16 bands of the 
Gaussian model to be proportionately distributed vertically within the bands. In each case, 107 electrons 
were simulated to ensure a smooth distribution of energy across the volume. 
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Figure 5.7: (a) The 16-band model of power intensity distribution, here for a 100 W beam, with a 
superimposed continuous Gaussian function (b) the cumulative power distribution in the model and a 
summed continuous Gaussian function. Note 1:  both curves in (b) have linear interpolation, which in 
neither case reflects the actual distribution, but it is still clear that the distributions are a close match. Note 
2: the baseline FEA model of the current study has beam power 20 W, which is simply this distribution 
scaled to 20 %. 
 
The constraints for this steady state thermal model define the mechanisms of heat removal, the most 
important being a convection constraint applied to all water-cooled surfaces. The value for the convection 
coefficient representing the water cooling of the inner surfaces of the model was chosen as 3000 W m-2 K-1, 
this value being a typical database value for forced convection by pumped water. The ambient temperature 
of the cooling water was taken to be 10 °C (typical for mains supplied cooling water). The convection 
cooling of the inner surfaces includes the vertical walls of the anode body, the bottom surface of the 
copper tip and the surfaces of the cooling fins below the tip. 
Values for radiative heat loss are very small compared to the convective cooling, so are considered to be 
negligible and are not represented in the FEA model. Results of the model after application of reasonable 
radiative convection coefficients to the top surface of the aluminium film have confirmed that these 
radiative losses can be neglected. 
 
5.3 FEA analysis details 
5.3.1 Verification of the baseline model 
The FEA model represents a generic XPS anode, and experimental data are not currently available to verify 
the predicted steady state temperatures of the solution. The model gives a peak temperature of 300.8 °C in 
the aluminium, offering a good safety margin considering the melting point of aluminium. 
Calculation of the temperature of the cooled surface of the 20 W baseline model  
(from 𝑇 − 𝑇𝑤 =  
𝑄
𝛼 𝐴
 where T is temperature, Tw is water temperature, Q is heat flux, α is convection 
coefficient and A is area), based on the assumed 3000 W m-2 K-1 convection coefficient and 10 °C cooling 
water temperature, predicts a mean surface temperature of 24.6 °C. The mean temperature of all the 
nodes in the cooled surface area of the FEA baseline model solution is 24.5 °C, close enough to suggest that 
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the model is producing reasonable results. Convergence analysis of the mesh suggests that the baseline 
model has adequate mesh resolution. 
 
5.3.2 Sensitivity analysis 
Different parameters employed in the baseline model were systematically varied in turn and the effect on 
the aluminium temperature recorded. The CTC values of most of the materials and the value of the 
convection coefficient were varied by ± 50 % of the baseline value. The CTC of the copper was varied down 
to 8 W m-1 K-1, around 2 % of the standard value given in Table 5.1 (404 W m-1 K-1) to model the thermal 
effect of using a low expansion alloy that has a low CTC (e.g. some Ti-Mo-based alloys).  Likewise, the CTC 
range of the braze was also taken lower to account for uncertainties in the CTC due to compositional 
variation and compound formation.  
Dimensions within the model were also varied to model the effect of design choices. This was achieved by 
repositioning nodes in the model and, where necessary, adding/removing elements to maintain reasonable 
element aspect ratios. The dimensions varied were as follows: 
Aluminium thickness: the thickness of the aluminium beneath the region of heat delivery was varied from 0 
to 6 µm. The 2 µm thickness into which the heat was delivered was not altered. 
Chromium thickness: the thickness of the chromium adhesion layer was varied from 20 nm to 200 nm, 
while the overlying aluminium remained unaltered. 
Diamond thickness: the thickness of the diamond component was varied from 90 µm to 450 µm by 
adjusting the position of its interface with the braze layer. The aluminium and chromium components on 
the top surface were not altered, while the braze and copper regions close to the diamond were altered to 
accommodate the diamond thickness and retaining the thickness of the braze layer unchanged. 
Diamond width: The lateral extent of the diamond component was varied from 1.77 mm to 5.57 mm (in this 
quarter model, so that the modelled component is twice this size). The copper tip material accommodated 
the variation with no change to outer dimensions. 
Copper thickness: The overall thickness of the copper at the top of the anode (into which the diamond is 
recessed) was varied from 420 µm to 980 µm by adjusting its lower surface. The dimensions of the cooling 
fins were unchanged, the diamond remained flush in the copper and the changes in copper thickness were 
not offset by changes in the anode wall length (i.e. the total cooled area was not altered). 
Braze thickness: The thickness of the braze beneath the diamond was varied from 50 µm to 150 µm, and 
the change was accommodated by the underlying copper.  
Cooling fins: The fin length (height) was varied from 0 to 0.5 mm by adjusting their lower limit. All other 
components were unaltered. 
 
Each parameter was varied in isolation while all others were fixed at the baseline model values. It is 
possible that varying parameters in combination would produce different sensitivities. Parameters varied in 
combination with each other could involve a considerable number of analyses, but would allow 
optimisation of anode performance or detailed analysis of design or material compromises. 
Two additional analyses were carried out for comparison to the baseline model. In the first, the diamond 
heat spreader (along with the chromium interlayer) was designated as copper to simulate a standard 
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copper-bodied anode with no diamond heat spreader. In the second, the diamond component remained, 
but a through hole was introduced in the copper and braze such that the underside of the diamond was 
exposed (Figure 5.8). The convection constraint was applied to all newly exposed surfaces, in addition to 
the existing cooled surfaces. This simulates an anode in which the diamond is directly exposed to the water 
cooling, a configuration that is often assumed to give enhanced cooling compared with indirect cooling via 
the copper intermediate. 
 
Figure 5.8: The baseline model modified to have direct water cooling of the diamond underside. 
 
5.3.3 Heat flux analysis 
Heat flux for individual nodes is provided with the solution, both as an overall magnitude and as 
components in the three axes of the model. It can be viewed in vector form, as arrows superimposed on 
the model. Heat flux through a surface, however, is not directly provided with the solution. To estimate the 
flow of heat through the water-cooled surface, a thin (1 µm) layer of elements was added to the surface 
and the convection boundary conditions were redeployed to the new elements. The model was solved and 
the mean heat flux through the new elements in the direction normal to the surface was extracted in units 
of W m-2. The mean value for this flux was multiplied by the area of the surface to give a value for the total 
heat flux through that surface. The ultimate temperature values were virtually unchanged from the 
baseline model, so the thin layer has a negligible effect on the model. 
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5.4 FEA analysis results 
5.4.1 Results of baseline model with and without diamond heat spreader 
The baseline model gives a solution with the hottest part of the aluminium being at the surface in the 
centre of the hotspot. The peak temperature here is 300.8 °C (Figure 5.9). The steady state temperature 
distribution shows the hot spot to be localised, with the temperature in the aluminium being more than 
halved within 30 µm of the centre, still well within the region of heat delivery. 
 
 
Figure 5.9: The steady state temperatures predicted by the baseline model show the hot spot to be highly 
localised, well within the outer edges of where the heat from the electron beam is applied (beam radius 80 
µm). The upper four element layers (4 µm) represent the aluminium layer. 
 
The model with no diamond heat spreader reported a peak aluminium temperature of 613.2 °C, whereas 
the baseline model with the heat spreader peaked at 300.8 °C (Figure 5.10). With the chromium layer in 
place (like-for-like comparison), the peak temperature of the copper-bodied anode was little changed at 
619.2°C. 
 
5.4.2 Sensitivity analysis and directly cooled diamond 
For each analysis, the maximum temperature in the aluminium was extracted (invariably at the top, centre 
node of the aluminium). The aluminium temperature in the baseline model is relatively insensitive to the 
thermal properties of the metal body, the braze and the chromium adhesion layer (Figure 5.11). The 
cooling regime (described by the convection coefficient) also has a relatively small effect. The thermal 
conductivities of the diamond heat spreader and the aluminium anode material have a large effect on the 
aluminium temperature. The CTC of the metal body has little effect until it is reduced to around 
100 W m-1 K-1 or lower, beyond which the temperature rises rapidly. The CTC of the braze must be reduced 
to an unrealistically low level before it has an effect. 
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Figure 5.10: the copper bodied model (right) has a steady state temperature with a maximum of 613.2 °C, 
whereas the baseline model with the diamond heat spreader (left, same temperature scale) has a peak 
temperature 300.8 °C. 
 
 
Figure 5.11: The peak temperature of the aluminium for different CTC values of the materials employed in 
the model, and the thermal convection coefficient. Where the curve is close to horizontal, the temperature 
is insensitive to change in the parameter; where the curve is steep, the temperature is highly sensitive to 
change in the parameter. 
 
The aluminium temperature of the model is highly sensitive to the thickness of the aluminium, with a 
thinner layer giving markedly lower temperatures (Figure 5.12). The temperature is moderately increased 
by reduction of the diamond thickness to values below 250 µm, but with little improvement from a thicker 
diamond. Unlike earlier numerical modelling (Hui and Tan, 1994), albeit on a somewhat dissimilar system 
that lacked forced cooling, the width of the diamond here had little effect. Changes to other dimensions 
also had little effect. Making the copper thinner caused a very slight increase in the temperature. Likewise, 
removing a part of the metal body so that the diamond is directly cooled by the water (Figure 5.8) had no 
beneficial effect. With the diamond cooled directly in this way, the aluminium reached 310.0 °C, compared 
to the baseline figure of 300.8 °C. A fairer comparison would be with the model that has zero length cooling 
fins, and for this case, the temperature reached a similar value of 306.6 °C. 
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Figure 5.12: The peak temperature of the aluminium for different thickness values of the materials 
employed in the model. The aluminium temperature of the baseline model is highly sensitive to the 
thickness of the aluminium layer (steep curve), but largely insensitive to changes in other dimensions (flat 
curves). Reducing the diamond thickness below 250 µm causes an increase in the aluminium temperature. 
 
5.4.3 The effects of depth variation and directional variation 
In this analysis, the depth variation of the CTC of the diamond is applied in stages, and once maximum 
depth variation (100 %  inhomogeneity) has been applied, directional variation is applied stepwise until 
maximum directional variation (100 % orthotropicity) is reached (Figure 5.13). Compared with the baseline 
model (diamond with isotropic, homogeneous CTC), depth variation (inhomogeneity) made little difference 
when the diamond face with the lower CTC was at the bottom near the braze, and the diamond face with 
the higher CTC bears the aluminium coating (lower curve, Figure 5.13). Directional variation (orthotropicity) 
was not introduced to this model, as it would have little effect beyond that of the inhomogeneity. The peak 
aluminium temperature rose from 301 °C to over 750 °C when inhomogeneity was applied with the CVD 
diamond reversed, with the lower CTC being at the top (centre curve, Figure 5.13). With depth variation 
(inhomogeneity) at 100 % and low CTC at the top, increasing the directional variation (orthotropicity) from 
0 % to 100 % resulted in the aluminium temperature improving to a value of 575 °C (top curve, Figure 5.13). 
This increase of the orthotropicity is effectively an increase in the rate with which CTC increases with depth. 
This means that material with a higher CTC is encountered closer to the anode film where it can contribute 
to the cooling of the film. 
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Figure 5.13: The peak temperature of the aluminium for the CVD diamond with different depth variation 
(inhomogeneity) and directional variation (orthotropicity) values employed in the model. The baseline 
model uses homogeneous diamond with a CTC of 2200 W m-1 K-1 throughout. 
 
 
5.4.4 Analysis of heat flux 
Examination of heat flux magnitude and direction in the baseline model (with the diamond heat spreader) 
reveals that maximum heat flux occurs on the vertical centreline of the model, within the aluminium 
directly below the hottest part, at a depth of 2 µm. Its magnitude is 7.42 mW µm-2 and its direction is 
directly downwards (Figure 5.14). Within the aluminium, the heat still flows predominantly downwards 
around 30 µm from the centre, but once in the diamond the temperature gradient here is such that there is 
a significant horizontal component to the heat flux direction. Within about 10 µm into the diamond, the 
flux magnitude has halved, and it continues to decrease rapidly with distance into the diamond. 
Away from the centre of the anode, the heat flux magnitude is 3 orders of magnitude lower and dominated 
by flow horizontally towards and then vertically down through the side walls (Figure 5.15). 
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Figure 5.14: A schematic diagram of the heat flux through a thin (250 µm) central section of the anode tip, with the 
anode tip centre at top left. The section shown is from the baseline model (with diamond heat spreader) and shows 
the aluminium layer (grey), the Cr interlayer (purple) and the top of the diamond heat spreader (yellow). The all-
copper model (no heat spreader) shows a similar overall pattern. The magnitude of the heat flux is proportional to the 
arrow length. 
 
 
 
 
Figure 5.15: A schematic diagram of the heat flux through a thin (250 µm) central section of the anode tip, 
with the anode tip centre at top left. For clarity, the heat flux magnitude range of 0 – 1.7 µW µm-2 is 
chosen, such that the highest fluxes near the centre of the tip (top left) are not shown.  The section shown 
is along the length of the central cooling fin of the baseline model (with diamond heat spreader). The all-
copper model (no heat spreader) shows a similar overall pattern. The magnitude of the heat flux is 
proportional to the arrow length. 
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5.5 FEA analysis discussion 
5.5.1 Heat flux and temperature gradients 
It is useful to first examine the difference in the patterns of heat flux at steady state between the copper-
bodied model and the baseline model with the CVD diamond insert. The dominant mechanism for 
removing heat from the central ‘hot spot’ region of the aluminium is vertical heat flow in both cases, but 
for the diamond model, the vertical heat flux has a greater magnitude over a larger depth (Figure 5.16). The 
plots represent characteristics of the total heat flux (not just horizontal heat flux) at nodes along three 
horizontal profiles starting at the centre and moving outwards. The plots show the total flux magnitude, the 
magnitude of the horizontal and vertical components of the heat flux, and the ratio of the horizontal and 
vertical components (h/v). Curve families from both the baseline model (with the diamond heat spreader) 
and the copper bodied models are coloured blue and copper, respectively. 
For all depths, the heat flux at the very centre is all vertical (horizontal/vertical value = 0), with the relative 
contribution from the horizontal component increasing with distance from the centre. At the top of the 
aluminium, the vertical heat flux is quite similar in both models. Near the base of the aluminium (Figure 
5.16, (b)), the vertical heat flux near the centre is greater in the diamond model, and beneath the 
aluminium (Figure 5.16, (c)) this difference is more pronounced. The heat flux depends on both the 
temperature gradient and the thermal conductivity of the medium. With the aluminium material being 
identical in both models, it might be expected that the higher maximum temperature in the copper model 
might drive greater heat flux. For the vertical heat flux, this is not the case. The increased vertical flux 
below the base of the aluminium (Figure 5.16, (c)) is driven by the higher CTC of the diamond medium, 
which maintains a slightly higher vertical temperature gradient (Figure 5.17) in the aluminium than is the 
case in the copper model, despite the lower maximum temperature. The CVD diamond supports a high 
temperature gradient, even with lower maximum temperatures.  
The horizontal component of the flux is not significant near the centre of the aluminium (Figure 5.16 (a, b)), 
but becomes increasingly important with distance from the centre, particularly for the copper model. At a 
distance of 60 µm from the centre, the heat flux is relatively low but is dominated by the horizontal 
component. For the steady state conditions, the total flux is equal in both models, but the lower vertical 
flux in the copper model must be compensated by higher horizontal flux, and away from the centre the 
total heat flux is actually greater for the copper model. Again, this is driven by the horizontal temperature 
gradient, as the aluminium has identical CTC and density for both models. Below the base of the aluminium 
(Figure 5.16, (c)), both the horizontal and the vertical flux are greater in the diamond than in the all-copper 
body. This is driven by the high CTC of diamond compared with CVD diamond, rather than the temperature 
gradients, with the gradients actually being steeper in the copper (Table 5.2). 
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Figure 5.16: (a), (b) and (c) Plots comparing total heat flux in models with a diamond heat spreader 
(‘Diamond’) and without a heat spreader (‘Copper’), extending horizontally at three different depths: (a) 
near the top of the aluminium (depth 1 µm); (b) near the base of the aluminium (depth 3.5 µm) and; (c) 
below the base of the aluminium (depth 4.6 µm). The thicker curves show heat flux magnitude, while the 
thinner curves show vertical and horizontal components. The dotted curves show the ratio of horizontal to 
vertical flux.; (d) The position of the profiles in the mesh. The dark horizontal band is the chromium layer at 
the base of the aluminium. The heat flux curves of (a) are less smooth, an artefact reflecting the 
discretization of the heat distribution. 
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Figure 5.17: A comparison of vertical and horizontal temperature profiles in models with (diamond) and 
without (copper) a diamond heat spreader. The profiles are taken from the top/centre of each model. 
While the temperatures are higher without a heat spreader, the temperature gradients are quite similar, 
although the vertical temperature gradient is slightly greater in the aluminium of the diamond model, while 
the horizontal gradient is slightly greater in the copper model. 
 
Table 5.2: Estimates of horizontal and vertical temperature gradients within the aluminium layer and 
beneath it. Gradients estimated from temperature difference over a 1 µm interval. 
  Gradient / K µm-1 , material 
Profile Distance from centre / µm Diamond model Copper model 
Horizontal 2 – 3 -1.0 Aluminium -1.8 Aluminium 
4 - 5 -2.3 Aluminium -3.6 Aluminium 
Vertical 2 - 3 -38.9 Aluminium -37.4 Aluminium 
4.1 – 5.1 -5.3 Diamond -16.2 Copper 
 
 
The high CTC of the diamond allows it to maintain a flux that is higher than in the copper model despite the 
reduced maximum temperature. Heat flux in the aluminium is driven by a temperature gradient that is 
slightly larger than in the aluminium of the copper-bodied model, despite the considerably lower maximum 
temperature. In both models, away from the centre the heat flux is low and dominated by flow towards 
and down through the side walls (Figure 5.15). The locally low level of heat removal over the relatively large 
area of the side walls is the driving force for this. In the all-copper model, analysis of the heat flux estimates 
that 64.9 % of the heat is removed via the side walls, with the remainder removed via the top and fins. In 
the diamond model, the estimate is 65.7 % through the side walls. In both cases, the total heat removed is 
estimated at 20.0 W, very close to the nominal total heat input, verifying heat balance in the model. 
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The primary role of the diamond is to facilitate the vertical flow of heat away from the hot spot at the 
centre. Away from the centre, both the diamond and the copper body serve to channel the heat mainly 
horizontally to the side walls. In the copper model, horizontal heat flow within the aluminium plays a larger 
role, driven by the higher peak temperature and higher temperature gradient in the horizontal direction 
(Figure 5.17). Away from the hotspot, heat flows mainly horizontally towards the walls, as in the diamond 
model. At the ends of the cooling fins most distant from the centre, net heat flow is actually upwards away 
from the cooled fin surface and towards the walls. The importance of the vertical walls in both models is 
perhaps counter-intuitive, but any restriction of the heat flow to the walls will raise the maximum 
temperature reached in the aluminium. This explains why the model with the hole in the copper body and 
the diamond underside cooled directly (Figure 5.8) did not exhibit a lower peak temperature. Removing the 
copper material reduces the available conduit for heat flowing horizontally to the vertical walls. 
 
5.5.2. Sensitivity analysis 
The configuration of the components in the X-ray anode results in the heat being deposited in the 
aluminium layer, then passing through the aluminium, chromium, diamond and copper components in 
turn. It follows that if any component has thermal properties or dimensions that show poor thermal 
conductivity then that component has the potential to become a bottleneck to heat removal. The 
important point is whether the CTC or dimension that causes the bottleneck is one that might conceivably 
be encountered in a realistic anode design. Generally speaking, thinner components (in the direction of 
heat flow) have a smaller effect on the heat flow as shorter paths are available, but if the component hosts 
high temperature gradients, then it is more likely to affect heat flow. Components that are thin 
perpendicular to the direction of heat flow may impede heat flow, as the available cross-sectional area may 
be smaller. 
The temperature of the aluminium in the baseline model is highly sensitive to the CTC of both the diamond 
heat spreader and the aluminium layer (Figure 5.11). The aluminium is a relatively thin layer, but being the 
component that hosts the highest temperature gradients it has a large effect on heat removal. The 
diamond acts as a heat sink, particularly at the base of the aluminium, and maintains the temperature 
gradient in the aluminium even with lower peak temperatures (see previous section). Maintenance of the 
temperature gradient drives the flow of heat. 
When the CTC of the metal body is above 100 W m-1 K-1 (approximately 25% of the CTC of copper) it has 
little effect on the temperature, as temperature gradients are low throughout the copper. When the CTC of 
the metal goes below 100 W m-1 K-1, the temperature of the aluminium becomes highly sensitive to the 
CTC. The coefficient of thermal expansion (CTE) of copper is 16.8 x 10-6 K-1, a factor of 17 greater than that 
of CVD diamond.  This makes brazing the two materials challenging, so it might be desirable to seek an alloy 
with a CTE closer to that of diamond. Selecting, for example, an alloy with a particularly low CTC 
(7.6 W m-1 K-1, 1.9% that of copper), such as Ti-15Mo-3Nb-3Al-0.2Si which has a CTE less than 10-6 K-1 up to 
500 °C, much closer to that of CVD diamond, the model predicts a 50% increase in the aluminium 
temperature. It might, however, be feasible to use a material with a CTC of around 150 W m-1 K-1 without 
adversely affecting the aluminium temperature. The temperature increase caused by poor CTC in the braze 
material is not significant until it reaches values lower than 5 W m-1 K-1, which is considered below that 
likely to be encountered. 
The component dimension that exhibited the greatest sensitivity was the aluminium coating thickness. This 
is simply because a thicker layer gives a longer vertical path through the relatively low CTC aluminium. The 
temperature gradient in the aluminium of the copper-bodied model at 2-3 µm depth is estimated at 
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37.5 K µm-1 (Figure 5.17), similar to the baseline model, even though the peak temperature above is higher 
in the copper-bodied model. The gradient averaged over the depth of the aluminium is also near identical 
in both models, but the increased distance to the diamond with thicker aluminium provides a bottleneck to 
vertical heat flow. Reducing the thickness of the copper reduces the vertical path length, but results in a 
small increase in peak temperature. The reduced vertical path length is more than offset by the throttling 
of horizontal heat flow towards the side walls. The temperature increase shown when the thickness of the 
diamond is reduced beyond 100 µm is due to a reduced temperature gradient over the shorter distance 
leading to reduced heat flux at the centre in the vertical direction. Another factor is the restriction of heat 
flowing horizontally towards the walls.  
 
5.5.3 Depth variation and directional variation of diamond CTC 
Introducing a CTC depth variation through the thickness of the diamond caused a greatly elevated peak 
temperature of 753.1°C, but only when the diamond face with the lower CTC was uppermost, where the 
heat flux is greater. Introducing depth variation (orthotropicity) does not change the overall CTC range, but 
does alter the rate at which CTC varies with depth. With maximum depth variation and directional 
variation, the improvement of CTC with depth is actually greater, and the extent of the lowest CTC reduced, 
lowering the maximum temperature to 574.5°C. The heat effectively meets a higher CTC closer to the hot 
spot when maximum directional variation (100% orthotropicity) is applied. This is beneficial for cooling. 
 
5.5.4 Design implications 
This model suggests that for the best thermal management, the CTC of the diamond heat spreader should 
be as high as possible, and that the aluminium coating should be applied to the growth surface of the 
diamond to minimise the effect of any directional and depth variation (orthotropicity) in the CTC of the CVD 
diamond material. The diamond should not be made too thin, in this model no thinner than 100 µm. The 
aluminium thin film should be made as thermally conductive as possible by, for example, ensuring that the 
film is as dense and pure as possible. The film should be as thin as the application will allow. There is no 
benefit to be gained from having a hole in the metal body such that the diamond is directly cooled by 
water. The lateral flow of heat should not be impaired by having the metal body too thin, or in poor 
thermal contact with the side walls. Cooling fins beneath the tip appear to be ineffective other than to 
provide a conduit for heat flow to the side walls, but this would better be achieved by a uniform increase in 
wall thickness. Similarly, making the sidewall thicker to enhance axial heat flow might bring benefits. It 
might also be acceptable to use a material for the anode body with inferior thermal properties to copper, 
especially if the material is one that resists fouling by the cooling fluid. The contribution of the side walls to 
the removal of heat should not be underestimated. The return route of the cooling water should be treated 
as more than a matter of effluent removal. It might be beneficial to fully exploit this necessary water flow 
by passing the water over as much internal surface as possible. 
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5.5.5 Limitations of the model and approach 
Real-world data is needed to tune some of the assumptions regarding the material properties and 
component dimensions. The sensitivity analyses showed that most of the assumptions are not critical for 
the outcome of the analysis. The properties of the aluminium film and the diamond are among those which 
have a large effect on the ultimate temperature. It is known that thin aluminium films tend to have inferior 
thermal properties compared to bulk aluminium (Stops, 1980) because of flaws in the microstructure. As 
sputtered aluminium films tend to have a columnar microstructure, it is likely also that there is directional 
variation (orthotropicity) in the properties of the film. A density of 80 % was assumed for the aluminium 
film in this model, and directional variation was not modelled. The model might be further refined by, for 
example, testing the effect of inhomogeneity and orthotropicity within the aluminium film, and by more 
detailed examination of the way the electron beam and aluminium film reach equilibrium. Critical 
assumptions, such as the CTC and density of the aluminium film should be informed by real-world 
measurements and performance data. A more rigorous sensitivity analysis of the coating density would 
require Monte Carlo analyses of electron penetration for each density, re-mapping of the heat delivery 
depth accordingly and an adjustment of the assumed thermal conductivity. Here, for simplicity, the 
sensitivity analysis was limited to the thermal conductivity, with heat delivery and electron penetration 
unchanged. 
It is also likely that in many real-world situations, aluminium-coated anodes are operated such that the 
electron beam at first locally overheats the coating resulting in a crater being formed. This would increase 
the surface area over which the beam impinges on the aluminium. This crater may increase in depth, and 
hence surface area, until the power density of the beam is reduced enough that thermal equilibrium is 
achieved with minimal additional damage to the coating. This would somewhat complicate the pattern of 
energy delivery within the coating, and might mean that real-world anode coatings are applied thicker than 
would be required if only the electron penetration depth in an undamaged coating were considered. 
Conversely, a locally thin aluminium coating with a short vertical path length for the heat, combined with 
globally thicker aluminium to provide less thermal resistance laterally, might be a beneficial arrangement. 
However, the effect of lateral flow in the aluminium is not thought to offer the potential of substantial 
improvements. Changing all the redundant (i.e. not directly under the electron beam) aluminium material 
in the model to diamond produced less than a 1 °C change in the maximum temperature.  
Real anodes tend to receive the beam at an angle other than normal, with the effect that the beam spot is 
ellipsoidal, reducing the power density. Monte Carlo analysis suggests that the penetration depth is not 
significantly affected by angle of incidence, due to the high number of elastic collisions. The power density 
chosen for the model was rather arbitrary, based on assumptions of a reasonable operating temperature, 
but also on real-world applications. It might well be that if higher power density was used in the analysis, 
new bottlenecks to heat flow would emerge. 
The model assumes that materials are defect-free. In practice, voids and imperfections in the materials can 
be expected. In particular, some CVD diamond materials contains many voids (Chapter 4). A more complete 
analysis would test the effect of such voids on heat transport. Analysis at the level of single components 
might be sufficient. Interface thermal resistance, as described in section 2.3.6, was not a native feature of 
the software packages used at the time of writing, but could be introduced to the model by adding very 
thin layers with a suitable thermal conductivity between components. The Cr-diamond interface would be 
the most likely to affect heat removal, as Cr has free electrons to contribute to heat conduction, whereas 
diamond relies on phonon propagation. This is true also for the diamond-braze interface, but heat flux here 
is much lower. 
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5.6 Conclusions and further work 
An FEA model has been developed that can model the thermal performance of X-ray anodes having a thin 
metal anode coating. Heat delivery was modelled using the approximation of a Gaussian lateral 
distribution, with a penetration depth into the anode film based on Monte Carlo analyses of electron 
interactions.  It is possible to adapt the model to a variety of anode configurations and geometries.  
The current model indicates that using a CVD diamond heat spreader with isotropic thermal properties 
reduces the maximum aluminium temperature from 613°C to 301°C. Introducing a degree of depth 
variation (inhomogeneity) and directional variation (orthotropicity), as observed in polycrystalline CVD 
diamond, gives a significant effect only if the diamond is oriented with the poorest CTC uppermost. With an 
inhomogeneous CTC, the maximum temperature was over 750 °C, well above the melting temperature of 
aluminium (660°C). If the CTC is also orthotropic, the temperature is 575 °C. 
Even with a greatly reduced maximum temperature, heat flow both within the aluminium film and in 
adjacent components is maintained when the heat spreader is present. The diamond component achieves 
this by rapidly removing heat at the base of the aluminium layer due to its high CTC. This maintains a 
temperature gradient within the aluminium that is similar in magnitude to the copper-bodied anode and 
that drives the heat flow. Near the central hot spot, heat flow is largely normal to the hot surface, but at a 
larger distance from the hot spot, the heat flow becomes more parallel to the hot surface. This is because 
more heat is removed from the side walls, at a lower local flux magnitude but over a larger area, than from 
the tip region by a factor of approximately 2. This means that some design decisions which may be 
intended to aid heat removal at the tip actually impede heat flow to the side walls. For example, making 
the copper thinner at the tip, or removing a section altogether to directly cool the diamond. This also raises 
the possibility of trying out design ideas that might otherwise seem counter-intuitive, to converge on a 
best-case scenario. 
The current model shows that beneficial modifications would be to: (i) reduce the aluminium layer 
thickness as much as practically allowable; (ii) fabricate the aluminium layer to be as dense and thermally 
conductive as possible; (iii) identify and orient the growth surface of the CVD diamond heat spreader such 
that this surface is coated with the aluminium. Alternatively, polycrystalline CVD diamond material is 
commercially available that has had the nucleation face removed so that the inhomogeneity and 
orthotropicity is much reduced. Further design changes could be explored to facilitate lateral heat flow to, 
and removal from, the side walls. More broadly, anode designs might incorporate a metal that is easier to 
braze to and less prone to fouling than copper. The return route of the coolant must be optimised to fully 
exploit the cooling opportunities both at and away from the anode tip; anode designs where the return 
path from the tip is just a narrow channel may be far from optimum. 
 
 
 
 
  
EngD programme: MiNMaT 
URN: 6287959 
 
87 
6. Performance of X-ray anodes with CVD diamond 
6.1 Introduction 
The FEA work of Chapter 5 indicates that a CVD diamond heat spreader incorporated into an XPS X-ray 
anode has the potential to significantly reduce the operating temperature of the aluminium anode film. 
This means that for a given power density loading, anode life could be extended, or that the power density 
on the anode could be increased without damaging the anode. It was intended to set up a vacuum test 
facility so that anodes could be tested to destruction to demonstrate the effectiveness, or otherwise, of 
fitting X-ray anodes with CVD diamond heat spreaders. 
The test facility was to include a vacuum chamber with pumps and gauges, an electron gun with a high-
voltage power supply, a demountable anode facility and a camera to monitor the anode condition. 
In this chapter, progress towards this testing goal will be described, along with some of the challenges that 
have hindered progress. The progress includes purchasing of much of the equipment, and that initial 
testing of an e-gun (electron gun) have taken place. The challenges include chronic equipment failures and 
poor performance of the prototype e-gun. Persistent and sometimes severe cashflow shortages at Torr 
Scientific Ltd. meant that equipment was not always purchased or repaired in a timely manner. 
Alternative testing approaches using a focussed laser or an e-gun without fine focus will be explored. 
 
6.2 The test facility 
6.2.1 Vacuum test chamber 
A vacuum chamber with a number of ports has been fitted with a new Leybold Turbovac 450iX 
turbomolecular vacuum pump and a rotary vane pump. Vacuum is monitored by a UHV (ultra-high vacuum) 
Bayard-Alpert gauge and an NGC2D UHV pressure Gauge controller, both supplied by Arun 
Microelectronics Ltd. (AML). A Pirani gauge is also fitted and connected to the same controller. 
On attempting initial pump down, the vacuum level plateaued at around 10-6 mbar. Prolonged periods of 
heating different parts of the chamber with heating tape (Figure 6.1) failed to improve on this. Painstaking 
helium leak checking failed to pinpoint the problem (a dedicated leak testing unit was employed, being 
more sensitive than the inbuilt leak test function on the AML controller). One of TSL’s experienced vacuum 
engineers investigated at length and identified some sub-optimal internal welding on a tubulation that was 
attached to the mounting plate (arrowed, Figure 6.1). The weld was suspected of providing a virtual leak 
from a trapped volume that it concealed. This was never proved directly, but on replacement of the 
tubulation and fitting of an alternative (and improved) mounting arrangement the vacuum improved and 
10-8 mbar was routinely achievable, with 10-9 mbar achievable after baking with the heating tape. 
Subsequent to this, testing was interrupted by a leak at one of the feedthroughs on the Bayard-Alpert 
gauge. The leak was successfully repaired in-house, but in the process the grid and filament of the gauge 
were damaged and had to be sent out for repair. 
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Figure 6.1: The vacuum test rig with the faulty part arrowed. 
 
6.2.2 Prototype electron gun 
Cost, combined with poor cashflow, precluded the purchase of a commercial e-gun, so a prototype was 
designed and constructed in-house. The target performance specification for the e-gun was to deliver 10 
mA from a LaB6 thermionic emitter into a nominal 100 µm spot. This target was thought to be achievable 
and adequate for the anode tests, but also a useful and significant development step for the company. A 
LaB6 emitter, the Kimball ES-432E 90-280, was identified with a large 280 µm emitting surface capable of 
supplying 10 mA, and the item was purchased at a cost of around $950 (USD) (Figure 6.2)  
 
 
 
Figure 6.2: The LaB6 emitter in its packaging 
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Electron flying simulations were undertaken using the commercial software package Simion 8.1.1.32. Based 
on a suggestion from a technical consultant, early simulations attempted to achieve focus with a Pierce 
electrode behind the emitter. Having failed to find a design that performed satisfactorily, a design with a 
Wehnelt electrode around the emitter was pursued. The emitter of the simulation was modelled on the 
purchased Kimball emitter, with a focussing electrode, a nose cone and an anode. The emitter was set to -
10 kV and the anode and nose cone to 0 V. By experimentation and adjustments to the geometry suitable 
voltages were identified for the Wehnelt and focussing electrode that provided a beam cross-over and 
focussed the beam to a 100 µm spot at the anode (Figure 6.3). The cross-over is there to act as a compact 
virtual source for the electron beam. 
 
 
Figure 6.3: The Simion simulation of the electron gun design in XY section (left) and cutaway 3D view 
(right). Electrons (green) fly from emitter to anode, left to right. The red line on the XY section marks the -
10 kV equipotential contour. 
 
The electrons intended to be accelerated to form the beam were created with zero kinetic energy across a 
disc-shaped area 0.01 mm in front of and the same size as the emitting flat of the emitter. Other electrons 
were created a similar distance in front of the conical sides of the emitter. The geometry and voltages were 
designed so that the -10 kV equipotential contour intersects the emitter at the edge of the flat. Any 
electrons emitted from the flanks of the emitter, and therefore downstream of the -10 kV equipotential, 
encounter an uphill potential gradient and are prevented from joining the beam (Figure 6.4). 
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Figure 6.4: The LaB6 emitter and the -10 kV equipotential contour (red lines). The curled up red/blue traces 
just behind the emitting flat are electrons that have left the conical surface but are repelled back. Further 
left from here, electrons do not appreciably leave the conical surface. 
 
 
The potentials on the Wehnelt and the focussing electrode were -10310 V and -8330 V, respectively. The 
nose cone provided a flat field for the approach of the electrons to the anode. The Wehnelt potential 
seemed rather high when compared to existing accounts of Wehnelt arrangements, but the geometries of 
the aperture size and position were as recommended by the Kimball guidelines. 
An electron gun design was created that preserves the geometry of the Simion design (Figure 6.5). A 
vacuum flange was also designed with the necessary high-voltage feed-throughs and mountings so that the 
e-gun could be introduced into one of the smaller (CF38) ports on the vacuum test chamber. A z-shift 
mechanism was designed into the mounting flange to allow a degree of insertion and retraction of the e-
gun without breaking vacuum. Metal components near the high-voltage components were avoided, leading 
to some fastening screws being specified to be made of polyether ether ketone (PEEK). This was to cause 
problems in testing (Section 6.2.4). For the next iteration, the PEEK screws nearest the emitter heater were 
replaced with stainless steel ones (Figure 6.6) 
 
Figure 6.5: Details from the assembly drawing for the electron gun prototype 
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Figure 6.6: Second iteration of the e-gun prototype (left), prior to fitting of the conductors. The e-gun 
attached to its mounting flange (right), with HV feedthroughs and z-shift. 
 
Components were ordered in and a prototype gun was assembled. Several unforeseen problems surfaced 
at this stage. The solid, polyimide-coated copper conductors were very difficult to form without damaging 
the insulation. Attaching the conductors to the electrodes was problematic, as the attachment sites were 
small, and the delicate assembly was put under stress by the conductors, causing misalignment. Some of 
the components did not have a sufficiently good finish for high-voltage applications. Grub screws and 
concealed barrel connectors for the conductors and the emitter connectors were very difficult to access 
and operate. 
Aware of the shortcomings, the prototype was assembled with a view to testing the high-voltage power 
supply (see next section) and running a LaB6 cathode up to temperature. In order to avoid risking the new 
emitter, the prototype was assembled with a used LaB6 emitter (a Kimball ES-423E 90-50) with a smaller 
emitting flat. As there was no dedicated adjustment mechanism, the electron optics and emitter were 
made as concentric as possible, under a stereo microscope, by exploiting the natural clearances around the 
fastening screws as scope for adjustment. The next time a prototype was assembled, the PEEK screws 
nearest the heater were replaced by stainless steel screws, but the centring process was again performed 
in the same way under a stereo microscope (Figure 6.7).  
A tantalum disc emitter was purchased as a potential alternative to the LaB6 emitter. The LaB6 emitter is 
known to be the source of additional operating complexities. The Ta option might provide a simpler option. 
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Figure 6.7: The LaB6 emitter was centred by eye under a microscope. The emitting flat of the emitter is the 
small dark circle (centre), visible through the Wehnelt aperture. 
 
 
6.2.3 High-voltage power supply 
The high-voltage power supply (HVPS) was a bespoke system, designed and manufactured by German 
company Surface Concept. The cost was around £5000. The specification was made on the basis of the 
number of high-voltage (HV) channels required (one each for the Wehnelt, the emitter and the focussing 
electrode) and the voltage range required for each. Also required was a low voltage, moderate current DC 
output for the heater circuit of the emitter. 
The HVPS design featured a number of self-contained HV modules and the low voltage DC module, 
controlled by a front panel with alphanumeric output. The design did not follow the traditional route of 
floating the accelerating and Wehnelt potentials on the DC heating circuit, as the specification of the HVPS 
did not explicitly require this. Instead, the focus potential was created by floating a positive potential on the 
negative accelerating voltage, while the Wehnelt potential was supplied independently of the others. 
Another idiosyncrasy of the HVPS was that the indicated DC current relied on a fixed-value internal resistor, 
and therefore would only report accurately if the resistance of the load was closely matched to this. 
Later, in response to a number of operational problems with the HVPS, the device was redesigned and 
overhauled so that the focus potential was independent, and the Wehnelt and accelerating voltages were 
floated on the DC circuit. The DC current indicator was improved to report actual current accurately 
regardless of load resistance. 
 
  
EngD programme: MiNMaT 
URN: 6287959 
 
93 
6.2.4 CMOS camera 
To monitor the anode surface for damage during testing, a DMK 72BUC02 CMOS camera, with a 
5 megapixel sensor and 6 to 23 frames per second capability, was purchased from The Imaging Source (via 
Alrad Instruments Ltd., UK). Also supplied by Alrad was a 0.3x to 1x macro zoom lens, F4.5 to F22 with 
manual iris and manual zoom, extension tube kit, and camera capture software. The cost for this was 
approximately £600. 
This system is able to image anode damage with high magnification on a PC screen (Figure 6.8). The CMOS 
sensor does not sample the whole of the image provided by the lens, operating instead with a cropping 
factor of around 0.65, enhancing the magnification. The laptop screen in the image shows the centre region 
of a copper-bodied X-ray anode with a copper coating over a diamond heat spreader. At the centre of the 
image on the laptop is a small scar where the copper film has suffered damage from proximity to a 
tungsten filament emitter. The actual anode is the copper object near the centre of Figure 6.8, sitting on 
the top of the lens extension tube.  
 
      
 
Figure 6.8: The output of the CMOS camera is displayed on the laptop screen. The camera is pointing at the 
small copper anode sitting on the extension tube kit. The microscope image on the right provides a scale 
bar for the same anode. 
 
6.3 Testing of the HVPS and e-gun 
6.3.1 Testing the HVPS with no load 
For the initial shakedown, no HV cables were attached to the HVPS. The HVPS was powered on and each 
output channel was slowly turned up to maximum in turn. Each successfully reached maximum with no 
problems. This was repeated with all of the HV cables connected to the outputs of the HVPS but with no 
load attached. Again, each output reached its indicated maximum. The HVPS seems capable of delivering 
maximum rated voltages to its output connectors. 
 
EngD programme: MiNMaT 
URN: 6287959 
 
94 
6.3.2 Testing the low-voltage DC output 
The e-gun was attached to the test chamber with an indicated vacuum of 1.6 x 10-9 mbar. The cold 
resistance of the heater was 2.2 Ω, measured by multimeter. The HV cables that form the low-voltage DC 
circuit with the heater of the emitter (and supply the negative accelerating potential) were connected to 
the heater feedthroughs. When the output of the DC circuit was slowly turned up, the indicated current 
increased but the emitter heater showed no sign of heating up. The indicated current was not a reliable 
one as it is measured against an internal resistance, and not the actual load. A Hall-effect clamp ammeter 
(capable of measuring DC) fitted around one HV cable of the DC circuit showed no increase in current. To 
test whether the shielding of the HV cable was preventing the current from being sensed by the clamp 
meter, the circuit was reconnected with a short section of unshielded wire. This was done with great 
caution and with extra insulation applied, as the accelerating potential on the circuit stayed at more than -
500 V even when set to minimum (a quirk of the HV module). No current was detected by the clamp meter 
in the unshielded wire. 
With the cabling disconnected from the HVPS, a pair of 1 Ω power resistors in series and connected directly 
to the HV outputs was able to pass a current, measured as a voltage across one of the resistors. With an 
indicated current on the HVPS of 1700 mA, the measured voltage across the 1 Ω resistor was 1.365 V, 
indicating an actual current of 1365 mA. The resistors by this time had become noticeably hot. The HVPS 
was apparently able to supply the DC circuit. The problem must lie with the emitter heater or the HV 
cables. 
The emitter heater circuit was connected via insulated stranded wires, not the HV cables, to a bench DC 
power supply, and the heater drew current and could be observed glowing. Taking comparative readings 
from the current meter on the bench supply and the clamp meter showed that both increased at a very 
similar rate but that there was an offset (Figure 6.9). This offset was a feature of this testing phase, whether 
with the bench PSU or with the HVPS. There was always some offset between the clamp meter and 
whichever other source was used, and this offset was neither constant nor repeatable. It may have varied 
with exact alignment or positioning of the clamp meter and surrounding objects. The clamp meter was a 
reliable indicator of current increase within any one sequence of readings, but between sequences this 
unpredictable offset was present. 
 
 
 
Figure 6.9: Indicated current at the bench supply and at the clamp meter plotted against indicated voltage 
at the bench DC supply. Error bars estimated by observation. 
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When the power resistors were connected to the HVPS via the HV cables rather than directly to the HV 
output (as previously) no current was drawn. On close examination, a male pin in a connector at the HVPS 
end of an HV cable was observed to be slightly shorter than its analogue in the other cable. On dismantling 
the connector, it became clear that the pin had withdrawn as the outer housing of the connector was not 
adequately gripping the outer sheath of the HV cable, and had slipped a short distance so that the length of 
the exposed conductor had reduced. Once reassembled correctly, the e-gun emitter heater was drawing a 
current and heating up to the point of glowing when connected to the HVPS via the HV cables. 
 
6.3.3. Testing the HV channels: extracting electrons 
With the DC circuit now working, some tentative trials were now possible using the HV channels. Bringing 
the heater up to a modest 1.7 A takes at least 24 hours, allowing the vacuum to stabilise as the current is 
slowly increased and the components outgas as the heater and surroundings get hot. Keeping all potentials 
and the heating current low, but sufficient to extract an electron beam, it was possible to produce an image 
of the beam on a phosphor screen in the vacuum chamber (Figure 6.10). The off-centre position of the 
beam on the screen, and the offset of the bright spot within its less bright halo give an indication of the 
alignment problems of the e-gun and its centreline along the mounting flange, and of the electron optics 
with the emitter. The halo is probably the aperture of the nose cone, and the bright spot is the emission 
from the emitter, moderately focussed. 
 
 
Figure 6.10: an image of the electron beam (the bright spot and halo) on a phosphor screen. The phosphor 
screen has diameter 25 mm. 
 
By varying the focus electrode potential, the bright spot could be defocussed (Figure 6.11). Attempts were 
made also to keep all potentials constant but to move the z-shift to change the distance of the e-gun from 
the phosphor screen, such that a three-dimensional model of the beam could be rendered from a series of 
phosphor screen captures. These attempts were frustrated on several fronts. Firstly, there seemed to be an 
inherent instability when adjusting potentials, such that the beam did not return to its previous shape 
when the same settings were reapplied. Secondly, the emitter heater circuit failed. On dismantling the 
e-gun, there were many problems. The main one was that the PEEK screws closest to the emitter had 
melted with the heat. Carbonaceous deposits were coated over the ceramics and other components and 
may have contributed to the failure of the heater. The deterioration of the screws was probably also the 
reason for the instability in the beam shape. 
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Figure 6.11: Phosphor screen image of the beam, defocussed by a change of the focussing electrode 
potential 
 
Even before the heater failure, attempts to map the beam shape were frustrated by repeated failures of 
the HVPS. In any day of attempted testing, the HVPS would freeze on several individual occasions, such that 
the potentials were still in place but all controls were totally unresponsive, meaning an end to the test 
session. A reboot of the HVPS would usually solve this problem. 
Another faulty behaviour of the HVPS would be to boot up with the focussing potential channel not 
accessible. The accelerating and the Wehnelt potentials were selectable, but not the focus. Repeated 
reboots would sometimes fix this, but sometimes not. In the efforts to diagnose the fault, under advice 
from the HVPS supplier, various inspections of the internals of the HVPS were undertaken, resulting on one 
occasion in an earth connector to the casing being unintentionally left disconnected. On reassembly, this 
found its way into one of the low-voltage DC modules and caused a short circuit, destroying the module. 
This was replaced by Torr Scientific without the need for the HVPS to be returned to the supplier. This was 
not a great expense, other than in lost time. 
The frequent failure of the HVPS to boot with all channels available was not so easily solved, and after a PC-
based diagnostic terminal session with the HVPS a week-long visit to the supplier in Germany was arranged 
with a view to improving the HVPS and to work with the supplier, Surface Concept GmbH, to operate and 
improve the e-gun. Prior to the visit, the HVPS was returned to the supplier for a redesign and overhaul. As 
described earlier, many shortcomings of the original design were addressed at this time. However, progress 
was not complete until late in the visit, and collaborative work on operating the e-gun was limited. The 
HVPS performance was, however, demonstrably more reliable, and the problems described above seemed 
to have been alleviated by the improvements made by Surface Concept. 
Progress now was limited by an inability to increase the potentials to the e-gun to their maximum values. 
The accelerating voltage would typically not increase beyond 7.5 keV or similar, with a fault being indicated 
on the HVPS console at this point, presumably due to a flashover either at the e-gun or its feedthroughs. At 
this point, the e-gun was again dismantled for examination and redesign. Progress was made on the 
redesign, but no further testing was accomplished before the research activities of this programme were 
ceased. 
The intention was to develop the e-gun to the point where it could reliably and repeatedly focus an 
electron beam with sufficient power density to damage an aluminium anode film. Repeatability and 
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consistency are crucial, because having established the e-gun performance characteristics with the aid of a 
phosphor screen, faraday cup etc. the actual anode tests would be performed with no direct feedback on 
the position and focus of the beam. The beam would have to be assumed to be performing as it did in the 
tests. There might be scope to position a grounded component with an aperture just in front of the test 
anode, and any current measured flowing to ground via this component instead of passing through the 
aperture would be an indication of an unfocussed or poorly aligned beam. The feasibility of this approach 
would have to be established by testing. 
One approach to the destructive anode testing would be to establish a regime of focussing steps that 
progressively increases the power density at the anode. The time at each step should allow a steady state 
to be achieved. The time required for a steady thermal state can be inferred from testing but also be 
informed by a transient thermal FEA approach. As discussed in Section 5.5.5, it is feasible that during first 
use the anode film suffers minor non-catastrophic damage that allows it to operate at thermal equilibrium 
by spreading the beam over the internal surface of a crater. In this case, the minor damage should be 
recorded and the test continued. It seems likely that if this was observed before full power density, then it 
might increase with each step. It might be difficult to discern the point at which minor damage becomes 
catastrophic failure, but meaningful comparisons between anodes should still be possible by careful 
recording of results. 
A different approach might be to devise a focussing regime that does not necessarily reach steady state, 
but that is applied repeatably to each test anode to the point of failure. The speed and timing of failure 
should allow comparison between anodes and may provide an insight as to how the anode might respond 
to a dynamic application of the applied beam. 
With these approaches, the performance of anodes with and without the CVD diamond heat spreader 
could be compared. In addition, different CVD diamond material from different suppliers and at different 
thermal grades could be compared. The predictions of the FEA could be tested by comparing the 
performance of the growth and nucleation face Another useful measure that could be explored is anode 
lifetime, and whether use of a heat spreader improves the longevity of an anode when operated at a less 
destructive level. The benefits of monitoring the anode temperature or the X-ray intensity are discussed in 
Section 7.2. 
 
6.4 Alternatives testing approaches 
6.4.1 Focussed laser beam 
Instead of focussing electrons onto the anode tip, it should be possible to induce damage by focussing a 
laser beam. As with an electron beam, focussing of the beam onto the anode tip would need to be 
repeatable to make the testing consistent. Unlike with the electron beam, it might be feasible to monitor 
this optically by observing the size and shape of the beam on the anode. Unlike the electron beam, a laser 
would deliver heat only to the surface of the anode, but meaningful results might still be achievable. No 
information on X-ray flux would be gained from laser testing.  
Lasers of sufficient power to cause damage are expensive and require training in operation and safety. 
Reflections from the anode surface and any viewport windows would have to be accounted for as this is 
energy that is not contributing to anode damage. Mitigation of hazards from reflection and potential 
damage to the vacuum viewport window would be needed. 
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6.4.2 Lower power density electron beam 
It might be possible to achieve meaningful results using a less sophisticated electron gun without fine focus 
of the beam. Moderate focussing of the electron beam from an emitter should be possible with just a single 
focussing optic. If the beam could be focussed to within the perimeter of the diamond, this might be 
capable of inducing damage. It might even be feasible to have no focussing optics and just apply the 
accelerating voltage with the emitter in close proximity to the anode. Sufficient distance would be required 
to prevent electrical breakdown between the emitter and the anode, but common ‘rules of thumb’ for high 
voltage in vacuum suggest that a mm gap can withstand between around 10 kV to 40kV (the guidelines vary 
according to the source). A gap of 2 mm or so should be able to withstand 10 kV with a good factor of 
safety. There could be radiative heating of the anode by the emitter, but this is likely to be small relative to 
the beam heating and would be the same from one experiment to another. 
 
6.5 Conclusions and further work 
6.5.1 Conclusions 
The vacuum test chamber was assembled, and initial pump down problems were identified and solved. The 
system was capable of achieving 10-9 mbar pressure after baking. 
A prototype e-gun was designed and constructed, though some shortcomings in design and components 
were apparent. Assembly of the prototype was challenging, and centring of the emitter in the electron 
optics was performed as best as possible with the aid of a microscope. A new LaB6 emitter, capable of 
supplying 10 mA, was purchased but the prototype was assembled with a used emitter with a lower current 
capability. 
A high-voltage power supply was purchased with the channels and voltage range to operate the e-gun. The 
HV cables supplied with the HVPS developed a fault, delaying the commencement of useful testing. Once 
the faults were identified and corrected at TSL, testing of the HVPS and e-gun commenced. However, poor 
material choice in the prototype e-gun led to melting of PEEK screws near the emitter heater. This caused 
instability in early tests, and ultimate failure of the emitter heater. Prior to the heater failure, some success 
was achieved in extracting an electron beam from the e-gun and imaging the beam on a phosphor screen. 
Characterisation of the beam was limited by alignment problems in the e-gun prototype and by repeated 
failures of the HVPS. 
The HVPS was returned to the supplier for a redesign and overhaul, and a week-long visit to work with the 
supplier in Germany was arranged. Good progress was achieved with an improvement in the reliability of 
the HVPS operation, but repairs were still under way for most of the duration of the visit, so time for 
collaborative work on operating the HVPS and e-gun was limited to the final day and evening. 
Subsequent attempts to test the e-gun were made, but the e-gun could not support the potentials at which 
it was intended to operate, leading to repeated flashovers. A redesign was undertaken, but testing was 
ceased before construction of the prototype was complete. 
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6.5.2 Further work 
The redesign of the e-gun needs to be completed and a prototype assembled. The quality of the 
components should be good enough for high-voltage, with no sharp edges and burrs. It is paramount that 
the e-gun is built with sufficient quality to allow reliable and repeatable operation at high voltage. In this 
way, even a design with poor electron focussing performance can be assessed, understood and the design 
improved. 
The performance of the e-gun needs to be characterised at its designed operating voltages, using a 
phosphor screen to investigate the three-dimensional shape of the beam. Actual performance should be 
compared to the Simion model and adjustments or design changes made if necessary. 
Trials should be performed to assess whether the focussed spot of the e-gun is capable of damaging anode 
coatings on a standard anode. Once this capability has been achieved, trials should be designed and 
executed to assess and compare the performance of CVD diamond heat spreaders. It might be possible to 
achieve enough power density to perform the destructive testing using a less sophisticated e-gun without 
fine focus. 
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7. Conclusions and further work 
7.1 Conclusions 
Characterisation of the surfaces and internal structure of the CVD diamond samples has been undertaken 
using white light interferometry (WLI), atomic force microscopy (AFM), scanning electron microscopy 
(SEM), laser scanning confocal microscopy (LSCM) and laser Raman microscopy. WLI proved to be a rapid 
and convenient technique that demands a minimum of sample preparation. WLI provides quantitative 
information on grain size, roughness, and void coverage and depth. It can also reveal qualitative 
information on polishing marks, surface contamination and surface texture. AFM has revealed surface 
details with greater lateral resolution while avoiding the optical artefacts that affect WLI, particularly in and 
around surface voids.  SEM complements WLI and AFM, and has provided high-resolution images of the 
internal surfaces of surface voids and how the polishing process has interacted with different grains. LSCM 
has revealed internal grain structure and what are thought to be internal voids. In samples from II-VI, LSCM 
has non-destructively revealed subsurface features that would otherwise only have been observed by 
fracturing a sample and observing the fracture cross section by SEM. 
Growth and nucleation surfaces have been shown to be different in individual samples, with the nucleation 
face invariably having smaller grains, sometimes so small that they are difficult to resolve. There is not 
consistency between different samples from the same manufacturer, so that inspection alone would not 
allow the manufacturer to be identified with confidence. The degree of polishing ranges from unpolished to 
heavily polished with many surface voids. Some surface voids have sharp edges and internal surfaces that 
appear to have fractured, consistent with polishing damage. Some surface voids have nodular or botryoidal 
internal surfaces, consistent with a failure of the growth process. Both types of void tend to be associated 
with grain boundaries. A third type of surface void appears as localised clusters, the clusters often being 
approximately circular. These are thought to arise from local impairment of growth by a contaminant or 
other localised phenomenon. Polishing scratches are observed to end abruptly at grain boundaries, 
suggesting that grain boundaries are sites at which interaction with the polishing medium undergoes rapid 
changes, potentially leading to damage. Thermal grade material from Hebei seems to have the highest 
impurity levels, and also the highest incidence of both surface voids and internal voids. II-VI samples have 
been shown to have a reflective layer midway through the depth and parallel to the growth and nucleation 
faces. This appears to be where CVD growth was ceased temporarily before restarting. This feature is the 
most consistent and characteristic among the samples from different suppliers, and could potentially affect 
heat transport by providing a layer of high thermal resistance.  
Detailed FEA work has indicated that a CVD diamond heat spreader could decrease the temperature of an 
aluminium X-ray anode from around 613 °C without the heat spreader to around 301 °C with the heat 
spreader. Modelling of the non-isotropic thermal properties of polycrystalline CVD diamond suggests that 
the orientation of the CVD diamond is important, and that having the anode on the nucleation surface 
rather than the growth side could increase its temperature by 274 °C. Analysis of heat flux in the models 
shows that the primary role of the CVD diamond is to maintain thermal gradients even with a reduced 
maximum temperature, so that heat is efficiently removed from the hot spot. Heat flux beneath the 
hotspot is almost exclusively vertically downwards through the aluminium film and into the CVD diamond. 
Just 1 mm laterally from the centre the flux has a significant horizontal component. The heat is rapidly 
dispersed into three dimensions such that heat flux is much lower at the interface between diamond and 
anode body, away from the hotspot. The lower CTC of these components is less of a thermal bottleneck 
when the heat flux is low. 
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The dispersion of the heat into three dimensions with the accompanying reduction in heat flux magnitude 
is one important aspect of the thermal management process. This heat does not, as might be assumed, 
flow downwards for removal at the cooled base of the tip. Around 65% of the heat travels horizontally 
across the tip, then downwards through the sidewalls for removal at low intensity across the large surface 
area that is available. This has important implications for anode design. Attempts to thin the anode tip to 
shorten the path to the cooled surface may be misguided, as it throttles the more important routes to the 
side walls. The extreme embodiment of this approach is to fit the diamond in a through hole in the copper, 
so that only diamond must be traversed before the heat is removed by the cooling water. The reason that 
these approaches appear to be flawed, is that the efficient dispersal of heat by the diamond into three 
dimensions reduces the heat flux requirements in the copper so much that the copper is not a bottleneck. 
It is a conduit that should not be removed or reduced. The return route of the cooling water from the tip 
should fully exploit the cooling potential away from the tip.  
A vacuum test bench was commissioned, with a multi-port vacuum chamber with a turbomolecular pump 
backed by a rotary vane pump. A Bayard-Alpert ion gauge and a Pirani vacuum gauge are fitted, with a 
controller with some leak check facilities built in. The system will now achieve 10-9 mbar after baking with 
heating tape. 
A high voltage power supply was purchased and has been through several iterations of repair and upgrade. 
The most recent tests showed a good reliability. Maximum voltage is -10 kV, with channels for a Wehnelt 
optic and a focussing optic. The Wehnelt channel and the accelerating voltage are floating on the 
low-voltage DC circuit that supplies the heater of the emitter. 
A 5 megapixel CMOS camera with a 0.3x to 1x zoom lens, with additional zoom from a 0.65 crop factor at 
the sensor was purchased to monitor anode damage in tests to destruction. 
A prototype electron gun was designed and constructed, and a brand new LaB6 emitter, with a large 
emitting flat and theoretically capable of supplying 10 mA, was purchased. The prototype was assembled 
with a used LaB6 emitter with a smaller emitting flat. The simulation on which the e-gun design was based 
suppressed electrons from the conical flanks of the emitter so that only electrons from the emitting flat 
were accelerated into the beam. The Wehnelt field causes the beam to cross over just in front of the 
Wehnelt, providing a compact virtual electron source to aid focus of the beam. Initial testing of the e-gun 
was successful, in as much as a beam was extracted and focussed, to some extent, onto a phosphor screen, 
but there were alignment and centring problems. Furthermore, the e-gun would not support the 10 kV 
potential at which it was designed to operate, with flashover occurring at less than 8 kV. It was clear at the 
assembly stage that the component quality was not optimal for high voltage, but the testing proved a 
useful exercise for assessing the progress with high-voltage power supply. Progress has been made on a 
redesign of the e-gun. 
Meaningful testing of CVD diamond samples as heat spreaders was not undertaken because of lack of 
progress in developing the electron gun. This was the result of design and construction problems with the 
electron gun, and a series of performance issues with the high-voltage power supply. 
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7.2 Further work 
The characterisation techniques (WLI, AFM, SEM and LSCM) will be useful when assessing CVD diamond 
material from suppliers. Based on the findings of the FEA, anode coatings should be applied to the growth 
face of standard polycrystalline CVD diamond in heat spreader applications, though this might not be the 
case for diamond material where the least thermally conductive part of the nucleation face has been 
removed. WLI is the preferred technique for identification of the growth and nucleation faces. LSCM is 
technique that reveals sub-surface details that would not be recorded by the other techniques. Further 
work to identify the best acquisition parameters to maximize the information yielded by this technique 
would be useful. The internal structure of the samples might be usefully studied using micro-CT (micro 
computed tomography) in which information from multiple X-ray images is combined to give a three-
dimensional model of the material. Work to identify how an applied anode coating settles over surface 
voids would be useful. A coating that is not fully in contact with the substrate would be at risk of local 
overheating in use. 
The FEA work could be adapted to model additional scenarios. Interface thermal resistance could be 
modelled by introducing an equivalent low CTC thin film, as indicated by the literature, and seeing the 
effect on heat transport. Modelling sub-surface voids could indicate whether these were significantly 
affecting overall performance. A series of meshes could be constructed based on real data as acquired by 
LSCM or micro-CT. The current analysis takes no account of imperfect thermal contact between the 
components. Data from testing could inform future FEA models that feature imperfect conduction due to 
poor thermal contact. 
To achieve data from testing, the redesign and build of the e-gun must be completed to an acceptable 
quality. If the build quality is good, even a poorly performing e-gun can be assessed and improved. By 
capturing a phosphor screen image of the beam at different distances from the nose cone of the e-gun, the 
beam shape can be reproduced in three dimensions. The beam shape produced by the e-gun can be 
compared to simulation results and improvements or adjustments made where necessary. Simulation and 
test data without the focussing optic could be useful for fully understanding the performance of the e-gun. 
Tests with a tantalum emitter (already purchased) might facilitate testing and accelerate progress towards 
a working e-gun. 
Once it has been demonstrated that the e-gun is capable of focussing sufficient current to damage an 
aluminium anode film, trials to test the CVD diamond heat spreaders can be undertaken. A demountable 
anode system will be designed with an interchangeable component that will bear the anode film under test 
and any heat spreader while allowing water cooling. The geometry of the test will be designed so that the 
CMOS camera has line of sight, sufficient light and the correct object distance to allow real time monitoring 
of the anode film. Having established experimentally (with a phosphor screen) how to bring the beam into 
focus, the test could involve a stepwise focussing of the beam onto the anode, leaving sufficient time to 
attain steady conditions. The time required to attain steady conditions could also be established 
experimentally and informed by time-resolved FEA simulations (transient thermal). The degree of focus 
that is reached when anode damage is observed should indicate which anode configuration has the better 
cooling. An alternate regime would be to develop a focussing regime that is not achieving steady state but 
is applied identically in each test. Again, the point at which damage occurs is the indicator of cooling 
effectiveness. The size of the damage to the anode film would potentially act as a secondary indicator of 
cooling performance: the larger the damage spot, the lower was the power density that caused the 
damage. Longer duration tests could be designed to conduct life tests. 
Results obtained as described would be commercially and technically important to Torr Scientific Ltd. The 
impact and benefits would be greater if other aspects of the anode performance were monitored. 
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Monitoring of the actual temperature of the anode would be informative. This would not easily be achieved 
optically (e.g. infra-red thermometer or pyrometer) because the anode is enclosed in the vacuum system. It 
might be possible to get some meaningful comparisons using thermocouple measurements, but care would 
be necessary to ensure repeatable measurements. Ultimately, X-ray generation at the anode is the 
measure that might be the most compelling. A comparative measure with an X-ray photodiode circuit 
might be an inexpensive but adequate solution, avoiding the need for an expensive X-ray spectrometer. 
X-ray monitoring might also provide an additional measure of anode failure to support interpretation of the 
CMOS camera image. Loss of the aluminium film could move the energy of the generated X-rays beyond 
the sensitivity of the photodiode to provide an indicator of anode failure. 
There is considerable scope for optimisation of anode design and manufacture. Analysis indicates that the 
anode body could be made from material with lower thermal conductivity than copper with little effect on 
cooling. A material with lower coefficient of thermal expansion could be chosen so that the diamond heat 
spreader is subjected to lower levels of stress from thermal contraction after brazing at high temperature. 
The application of a chromium layer prior to brazing might allow lower temperature brazing techniques to 
be used and might also improve heat flux from the diamond into the braze by reducing the interface 
thermal resistance. 
Anode designs could be optimised for thermal performance by varying the parameters in FEA models in 
combination to seek the lowest peak temperature. Computational fluid dynamics could be applied to 
optimise turbulence to enhance convective transfer of heat from the anode body to the cooling fluid. If 
these results could be transferred to The FEA analyses, a more representative analysis could be performed. 
Such an analysis programme could be applied to the development of surface geometries that provide large 
surface areas and manipulate fluid flow to maximise convective heat transfer. Fine and complex surface 
structures could be explored and the best performing designs could be realised by additive manufacture 
techniques. This would allow surface structures that might be impossible to produce by traditional 
machining. The degree and complexity of optimisation would need to be weighed against the time and cost 
of development and manufacture, but even the knowledge of what was possible and how to achieve it 
could enhance the reputation of the company in the field of X-ray analysis. 
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